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There is an increased demand for lactic acid for the production of biopolymers and to aid 
nutrient removal in wastewater treatment. Food waste offers a source of soluble sugars to 
produce lactic acid, which does not increase land demand, but digestion conditions have 
yet to be optimized when co-digested with primary sludge. Food waste was collected 
from cafeteria waste bins, homogenized and seeded with primary sludge. A Box Behnken 
Response surface design was used to optimize lactic acid production based on pH, 
temperature, loading rate, and retention time. Subsequent experiments verified and 
refined those conditions to optimize for both yield and concentration of lactic acid. When 
optimized for concentration and yield, 58 g L-1 and 48 g L-1 lactic acid were achieved 
respectively and retention time was reduced three-fold over previous experiments. 
Digestion rates of carbohydrates to lactic acid demonstrate homolactic fermentation as 
the dominant microbial pathway. Approximately 60% of the lactic acid produced was 
L(+) lactic acid. The ratio of soluble chemical oxygen demand to NH4-N was 176 





CHAPTER 1. INTRODUCTION 
 Value Added Co-products 1.1
Anaerobic digestion is a process that allows for mixed cultures of bacteria to breakdown 
complex biomass in wet form into usable fuels and chemicals. Thus far, the fuel potential 
has been far more explored and exploited. Nevertheless, as will be discussed herein, the 
potential to make chemicals holds potentially more value. Foremost among the chemicals 
available are organic acids which are quickly produced intermediate chemicals in the 
digestion process. These organic acids are currently demanded in the production of 
plastics, pharmaceuticals, fuel additives, and pesticides.  
Food waste and primary sludge are two waste sources that can appropriately be upcycled 
using anaerobic digestion. Both are wet and are generated near urban centers which can 
readily use the products produced by anaerobic digestion. Furthermore, both are readily 
degradable within the process. Of the acids that can be produced from these feedstocks, 
lactic acid holds both a relatively high market value, and offers significant advantages to 
the sustainability of communities.  
 Polylactic Acid 1.2
In 2012, the United States discarded 31.8 million tons of plastics. Plastics made up 12.7% 




 plastics and 71.8 % of HDPE containers were not recycled. Plastics, along with paper 
products, combine to make containers and packaging the largest portion of the waste 
stream at 30% (EPA, 2012). However, not all plastics are discarded into the municipal 
solids waste stream. Plastics discarded improperly are often washed into streams, and 
eventually to the ocean. The failure of plastics to degrade in the open environment has led 
to a consistent increase in the presence of plastics along shorelines over the past four 
decades. Our knowledge of the ecological impact of plastics is evolving, but the ingestion 
or entanglement of plastics by a wide variety of fauna, especially birds, is well 
documented (Barnes et al., 2009; Kenyon & Kridler, 1969).  
Polylactic acid (PLA) is a promising polymer with properties similar to conventional 
disposable plastics but is ultimately biodegradable. PLA can have similar properties to 
polyethylene terephthalate (PET), or polyethelene (PE). There are two enantiomers of 
lactic acid and the properties of the final polymer can be controlled by adjusting the ratio 
of each. Typically, L(+)-lactic acid makes up more than 90% of the starting monomer and 
D(-)-lactic acid makes up 1-10% depending on the desired properties (Henton et al., 
2005a). With exposure to heat and moisture PLA will degrade back to its building blocks; 
L(+) and D (-)-lactic acid. Lactic acid can be metabolized by a wide array of natural 
bacteria to carbon dioxide and water. As a result, it will have a suitable shelf life as 
packaging, but will typically degrade in the environment in 6 months to 2 years (Lunt, 
1998; Sinclair, 1996). If the hydrolysis of PLA to lactic acid is carried out in a controlled 
manner, the monomers can be re-polymerized. The product can theoretically be recycled 




PLA already constitutes a major share of the global bioplastics supply, which grew at 
17.7% yr-1 between 2007 and 2012 (Baker, 2013; De Guzman, 2011). In addition to this 
past growth, PLA promises to fit well into a future economy. As a thermoplastic, it 
requires minor heating for processing and it is already marketed for 3D printing 
applications (Lim et al., 2008). This allows for low embodied energy in production and 
decreases the amount of material wasted to manufacture a final product.  
 Biological Nutrient Removal 1.3
Lactic acid is also necessary in less refined forms for the removal of nutrients, especially 
phosphorous, from the secondary treatment systems of wastewater treatment plants. The 
need for better phosphorus recovery methods is driven by three factors; first, struvite, a 
precipitate containing phosphorus, damages or hinders the use of pipes, pumps, belt filter 
presses and other equipment at wastewater treatment plants (Li et al., 2012). Second, 
phosphorus can be the limiting nutrient in algal blooms harming aquatic life in 
wastewater effluent receiving bodies of water (Schindle.Dw, 1974). Third, 
conventionally mined phosphorus reserves are expected to peak in 2030, and a decline in 
production threatens agricultural productivity (Cordell et al., 2009).  
In secondary treatment systems phosphorous removal can be performed biologically. 
This is achieved by giving naturally present phosphorous accumulating organisms a 
readily available carbon source to allow them to out-compete other organisms 
(Tchobanoglous et al., 2003). While volatile fatty acids are typically used for this purpose, 




 Lactic Acid from Food Waste 1.4
Food waste and primary sludge are abundant and renewable sources of organics for 
digestion. Literature review was performed that indicated there was potential to digest 
food waste and primary sludge waste sources at higher loading rates to produce higher 
concentrations of volatile fatty acids. The literature review obtained for this review was 
influenced by a search focus on “volatile fatty acids”. Preliminary experiments revealed 
that at higher loading rates, lactic acid was a dominant product instead of volatile fatty 
acids. Following this, additional literature review was performed targeted toward lactic 
acid production. This review revealed there was precedent for the fermentation of food 
waste to lactic acid using both single strain and mixed cultures. However, the co-
digestion of food waste and primary sludge had yet to optimized. The focus of this 
research was to optimize a mixed-culture fermentation of food waste co-fermented with 
primary sludge. Specific goals were as follows; 
1. Determine the pH and temperature that maximize the production of lactic acid 
from the co-digestion, 
2. Determine the loading rates that maximize yield and concentration of lactic acid 
from the co-digestion, 
3. Determine the effect of pH, temperature, loading rate and time on ammonium 
concentration within the co-digestion broth, 
4. Determine the optical purity of the lactic acid produced under maximized yield, 




In preparation for the experiments, previous literature was reviewed to inform practical 
initial starting values for pH, temperature, retention time, and loading rates. Furthermore, 
the body of previous work informed the test methods used.  
 Basis of Experiment 1.5
To achieve the goals of this study, food waste was collected in five different batches from 
campus dining locations at various times, homogenized, and then seeded with primary 
sludge. An iterative approach was used to determine the loading rate, detention time, pH, 
and temperature which produce the maximum concentration and maximum yield. 
Response surface methodology was used to narrow the range of factors using batches one 
and two. This narrowed the range for the temperature, pH, and retention time that 
produced the highest lactic acid concentration. Batch three was tested at the optimal 
conditions identified in batches one and two, while the loading was rate varied to 
determine the rates which maximize yield and concentration. Batches four and five used 
the loading rate that maximized yield (as determined by batch three) to confirm and 




CHAPTER 2.  LITERATURE REVIEW 
 Approach 2.1
Literature was reviewed regarding the production of value added chemicals from two 
major organic waste streams; primary sludge and food waste. Over the course of review, 
and initial experimentation, lactic acid was identified as both the most valuable and 
readily producible product from both of these waste streams.  
 Production of Organic Acids from Sludge 2.2
Anaerobic digestion has been utilized to treat waste streams high in organic solids 
because of its ability to reduce the volume of solids prior to disposal, and to produce 
methane which can be used as an energy source (Demirel & Yenigun, 2002). A large 
focus of research on anaerobic digestion has been aimed at better understanding the 
digestion process in order to optimize these concomitant goals. Prior research in 
anaerobic digestion has determined that carbon, in the form of carbohydrates, proteins, 
and lipids, takes multiple forms prior to being formed into methane in digestion (Batstone 
et al., 2002).  
The transformation of carbon in anaerobic digestion can be modeled in four stages; 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis (sometimes disintegration is 
included as shown in Figure 2-1). During hydrolysis, lipids, polysaccharides, proteins, 




 purines/pyrimidine respectively. In acidogenesis, these products are further broken down 
into the intermediates propionate, butyrate, succinate, lactate, ethanol and other organic 
acids. Of these, propionate and butyrate are typically found in the highest concentrations 
when digesting sludge. During aceteogenesis, acetate and hydrogen are formed from the 
intermediates, and in the last step, methanogenesis, acetate and hydrogen are formed into 
methane and carbon dioxide (Tchobanoglous et al., 2003; TUGTAS, 2011). The 
anaerobic digestion process is depicted in Figure 2-1. 
 
Figure 2-1 Carbon Flow in a Typical Anaerobic Degradation Process (Batstone et al., 
2002; TUGTAS, 2011)   
 
Each step within this process occurs at a different rate, and in a typical digester, the steps 




(Tchobanoglous et al., 2003). In reality, the rate-limiting step varies based on the 
substrate being degraded. For example, if cellulose is present, then the hydrolysis of 
cellulose is the rate limiting step (Noike et al., 1985). Furthermore, within 
methanogenesis, there are two routes; aceticlastic methanogens utilize acetate, while 
hydrogeneotrophic methanogens use hydrogen to produce methane (Tchobanoglous et al., 
2003). Of the two, methane formation from hydrogen is more rapid than from acetic acid 
(Omstead et al., 1980).  
Acid forming (hydrolytic, acidogenic, and acetogenic) and methane forming 
(methanogenic) organisms vary widely in terms of growth rates, physiology, and their 
preferred conditions. Properly managing the balance between acid forming and methane 
forming microorganisms is one of the main causes of process fowling in anaerobic 
digestion (Demirel & Yenigun, 2002). As a result, phased digestion, which allows 
catering to each class of organism separately, has been increasingly researched over the 
past decade. In phased digestion, acid phase and methane phase processes are carried out 
in two separate digesters in sequence, and the predominating microbes in each are 
typically controlled by detention time, pH adjustment, and other methods (Demirel & 
Yenigun, 2002). Thus far, research on phased digestion has been largely performed with 
the goal of increasing methane production. While the methane formed during digestion is 
valuable, the intermediates formed in the acidogenic and acetogenic stages are monetarily 
more advantageous as shown in Table 2-2. 
 Organic Acid Production from Anaerobic Digestion 2.2.1
Sludge, generated in municipal wastewater treatment, has been recognized as an 




experiments, most have centered around the use of these acids as a carbon source to 
increase the rate of biological nutrient removal in activated sludge processes (Aravinthan 
et al., 2001), (Elefsiniotis et al., 2004). Less recognized is the use of organic acids from 
digestion as salable co-products. In a 2011 review, Tugtas pointed out the value in the 
organic acids in sludge digestion and suggested that in order to maximize their 
production, continuous separation of organics acids should be performed. Tugtas 
identified the minimum concentration of organic acids to be at 20% (w/w) for solvent 
extraction to be economically viable. Tugtas also identified the potential of chemical 
precipitation, adsorption, and electrodialysis to perform separation – although no 
thresholds to economic viability were identified for these technologies (TUGTAS, 2011).  
Of the published experiments carried out on organic acid production, none have 
determined the maximum achievable concentrations of organic acids, or optimized acid 
production based on the value and recoverability of specific acids. However, several 
experiments have been performed on acid production and offer insight into its harvest 
potential. Five experiments were chosen to highlight here that can inform the quantity 
and types of organic acids producible under various anaerobic conditions.  
 Previous Work on Organic Acid Production 2.2.2
Omstead et al. (1980) were seminal investigators regarding the ability to harvest organic 
acids from digestion. Using seeding bacteria from an anaerobic digester and a glucose 
feedstock as a carbon source, they slowly increased the feeding rate of glucose to 
determine the maximum achievable concentration of acetic acid with a 24 hour retention 
time. The maximum acetic acid concentration occurred at a feed rate of 4-5 g L-1 glucose 




was conducted with a feed rate of up to 15 g L-1 glucose, and butyric acid concentration 
continued to increase to above 16 g L-1. The goal of the study was to maximize acetic 
acid, and thus was considered complete despite the increasing trend of butyric acid 
accumulation with the rising feed rate. There was, however, a leveling of cell growth at 
termination. The experiment was carried out a 37 ˚C and no measurement or control of 
pH was performed. Propionic acid concentrations were omitted from the results due to 
insignificant quantities (Omstead et al., 1980).  
The generation of methane during the experiment indicates organic acids were likely 
being consumed during digestion. This, combined with the still rising butyric acid 
concentrations indicate higher overall organic acid concentrations were achievable. It is 
unclear whether the butyric acid concentration was more dependent on cell growth or 
feedstock concentration at the point of termination. Of the organic acids produced, 90% 
were harvestable through an ultrafiltration method. The acid harvest was dilute at 11.4 g 
L-1 day-1, but it had the added benefit of holding back cells thereby aiding in more rapid 
cell growth. Further concentrating and separating the produced acids was not investigated 
within the scope of the published work (Omstead et al., 1980). 
In 1981, Eastman and Ferguson attempted to model the acid phase digestion using pre-
screened sludge from primary settling. Experiments were conducted at various detention 
times while maintaining a constant temperature at 35 ˚C and a pH of 5.15. Propionic, 
acetic, butyric, valeric, i-butyric, and i-valeric acid were measured as the desired outcome 
of this study. Propionic and acetic represented the largest fraction of production. 
Propionic dominated at detention times less than 20 hours, while acetic dominated at 




volatile acid concentration remained constant with the following values; propionic 34%, 
acetic 29%, and Butyric 19%. In a follow up experiment with constant detention time of 
36 hours at various pH values, propionic acid dominated below pH ~5.8, while acetic 
acid dominated above (Eastman & Ferguson, 1981). The volatile acid formation 
(measured by volatile acid COD) was linearly correlated with the concentration of 
volatile solids in the feed. In this experiment, 18 g L-1 of volatile acid COD was measured 
at 55 g L-1 initial volatile solids. There was no leveling effect shown, indicating that 
higher organic acid concentrations could be achieved with higher volatile solids loading 
(Eastman & Ferguson, 1981). The lack of leveled acid production suggests that operating 
a digester at a higher overall solids loading rate could be advantageous for organic acid 
separation downstream.  
Eastman and Ferguson (1981) determined that while overall concentrations of organic 
acids increased with increasing loading rates, similar to Omstead et al. (1980), the 
fraction of acetic and propionic acid declined with increasing loading rates above 15 g 
VS L-1. Simultaneously, the fraction of butyric acid, valeric acid, and their isomers 
increased in concentration. Eastman and Ferguson (1981) also demonstrated that the 
carbohydrates were the most degradable portion during acid phase digestion which adds 
relevance to the use of glucose as a model feedstock in anaerobic digestion by Omstead 
et al. Carbohydrate concentrations reduced from 20 to 5%, nitrogenous material reduced 
from 30 to 15% and lipids remained constant at 40%. The heavy degredation of 
carbohydrates indicates that waste feedstocks rich in starches and sugars can favor acid 
production. The sludge screening process used by Eastman and Ferguson (1981) likely 




carbohydrates and their resultant acids. As stated previously in section 2.2, hydrolysis of 
cellulose is the rate limiting step within digestion (Noike et al., 1985) and indicates that 
while most carbohydrates are readily degradable, an unscreened sludge would likely have 
less degradation in the carbohydrate fraction.  
To test the changes in organic acid production during the fermentation of lactose, Hsu 
and Yang (1991) used an isolated strand of Propionibacterium acidipropionici. Given 
that lactose feedstock was only supplied once at the start and was not varied between 
trials, no correlation between organic loading rate and organic acid concentration could 
be obtained. Nonetheless, the experiment gives insight into organic acid production in 
acidic conditions. The results showed the concentration of propionic acid increases but 
production rate decreases with decreasing pH. In the acidic conditions, propionic acid 
was more heavily correlated with consumption of the lactose substrate whereas acetic and 
succinic acid increased in correlation with cell growth. Acetic and succinic acid 
production also decreased with decreasing pH. The highest propionic concentration was 
27 g L-1 and was achieved at pH 5.5 with a feedstock of 4.5% lactose at the start of a 
batch fermentation. The experiment was stopped at 160 hours at which time propionic 
acid concentration was still increasing – although lactose had been fully consumed. When 
pH was further dropped to 4.9, the concentration of organic acids, including propionic, 
was heavily reduced. Overall, the fermentation experiment using P. acidipropionici 
indicates that certain acid concentrations were more strongly correlated with cell growth 
while other acid concentrations were more correlated with substrate loading.  
The potential for organic acid production from the fermentation of the organic fraction of 




food scraps, paper, and seed bacteria from a wastewater treatment facility anaerobic 
digester were used to determine the possible maximum acid production. Organic loading 
rates of 10, 15, and 20 g of volatile solids L-1 day-1 were fed to experimental digesters. 
The hydraulic retention time was 2 days and a near constant pH of 5.5 was maintained 
via NaOH addition. The volatile acid production appeared to increase nearly linearly with 
the increase in volatile solids (VS) loading. For the loading rates of 10, 15, and 20 g VS 
L-1 day-1, a near linear increase in organic acid concentration was achieved with 
maximums of 8.4, 12.4, and 15.2 g L-1 respectively. Unlike Eastman and Ferguson (1981) 
or Omstead et al. (1980), acetic acid increased with increasing loading rates, comprising 
59%, 71%, and 75% at the 10, 15, and 20 g VS L-1 loading rates, respectively. During 
digestion it was determined that propionic and butyric decreased in proportion to the acid 
production with increasing loading rates. Butyric acid ranged from 15% share to 6%. 
Propionic acid ranged from 7% to 3.5%. At the highest loading rate, the organic acids 
were comprised of 75% acetic acid, 12% caproic acid, and 6% butyric acid. When pH 
was increased to 6.5 on the 15 g VS L-1 day-1 loading rate, propionic acid gained a greater 
share of the total at ~11%.   
The discrepancy between experiments could be partially explained by their variation in 
detention time. As shown in Figure 2-1, acetic acid is a downstream product of other 
organic acids. Eastman and Ferguson (1981) determined that lower detention times (<20 
hrs) favor higher concentrations of propionic acid, a higher level acid in the digestion 
process. Dogan and Demirer (2009) were operating at a higher hydraulic detention time 
of 48 hours, and may have been able to produce a greater share of propionic acid at lower 




Dogan and Demirer also found ethanol concentrations increased within increasing 
loading rates, although they remained low overall with a maximum of 1.6 g L-1. 
Furthermore, isobutyric, valeric, and heptanoic acid were also found at concentrations 
ranging from ~1-10% of VFAs within the experiments. The presence of these acids may 
be unique to the food scraps being fed to the digester which were not disclosed (Dogan & 
Demirer, 2009).  
The highest loading rates recorded for acidogenisis were determined by Zoetemeyer et al. 
(1982). They tested increased loading rates ranging from 2.5 to 75 g L-1 of glucose 
monohydrate in acid phase fermentation, seeded with 200 ml activated sludge. pH was 
maintained at a constant 6.0. Similar to experiments by Eastman and Ferguson (1981), 
and Dogan and Demirer (2009), organic acid production was near linearly correlated with 
organic loading rate at loading rates above 10 g L-1 substrate. Organic acid concentrations 
were not leveling when the experiment was curtailed at 75 g L-1. At 75 g L-1 loading rate, 
408 mmol L-1 of acids was measured. The fractions of specific organic acids were not 
determined until a subsequent experiment at 10 g L-1, which showed butyric acid heavily 
dominating. Assuming the 75 g L-1 dose produced only butyric acid, this translates to 36 g 
L-1 (Zoetemeyer et al., 1982). This concentration is low in comparison to Omstead et al. 
This may be due to the short detention time of 3.3 hours compared to Omstead et al. 
(1980) in which a detention time of 24 hrs was used. Additionally, Omstead et al. (1980) 
provided continuous feed whereas Zoetemeyer et al. (1982) only fed at the beginning of 
the solution. Table 2-1 includes the conditions at which the maximum organic acid 





Table 2-1 Summary of Maximized Organic Acid Concentrations in Fermentation Broths 































10.04 g/L Screened 
Primary 
Sludge 
26.6 g/L VS 




(1 hr out 
of four) 
6.67 Yes 35  36 
(Hsu & Yang, 
1991) 
Propionic Acid 20 g/L Lactose 45 g/L Once at 
start 






15.2 g/L Food scraps 
and Paper 
20 g/L VS Once daily 5.5 yes NA 48 
(Zoetemeyer 
et al., 1982) 
Mixed organic 
acids  
36 g/L Glucose 
monohydrate 
75 g/L Once at 
start 





As pointed out by Omstead et al. (1980), achieving higher concentrations of organic 
acids in fermentation is key to their economical recovery. Throughout the aforementioned 
in this section, experiments at higher organic loading rates are correlated with higher 
concentrations of organic acids after acid phase digestion. High organic acid 
accumulation has been associated with a reduction in the rate at which feedstocks have 
been converted to organic acids, yet maximum achievable or economically optimized 
concentrations have yet to be determined. Of the highest organic acid concentrations 
achieved, most have been with residence times of only a few days. In comparison, 
complete digestion of these organic acids through methanogenesis typically takes greater 
than 30 days (Tchobanoglous et al., 2003). As a result, separating organic acids could 
allow for reduced retention times, and therefore more efficient use of infrastructure.  
 Potential Inhibitors to Organic Acid Production 2.2.3
If an experiment is attempted with high organic loading rates, then the maximum 
achievable organic acid concentrations will likely be governed by a number of inhibitors 
that can be toxic to anaerobes. These include levels of ammonia, sulfide, hydrogen gas, 
and the organic acids that are being produced.  
In Eastman and Ferguson’s (1981) experiment ammonia levels increased linearly with 
increasing volatile solids loading. Excess ammonia in digesters is typically the result of 
excess solids loading and is a common problem in digester malfunction (Tchobanoglous 
et al., 2003). Nevertheless, in an acid production system, ammonia problems would be 
reduced for two reasons. First the lower pH will push speciation of ammonia toward 
ammonium (Brezonik & Arnold, 2011). It is the ammonia form that has been identified 




methanogens, and methanogens have been found to be the least tolerant anaerobes to 
ammonia (Chen et al., 2008). The tolerance of acid phase organisms to ammonium is 
supported by the continued linear increase in volatile acid concentration alongside linear 
increases in ammonium concentration in Eastman and Ferguson’s experiment in acid 
phase mesophilic digestion (Eastman & Ferguson, 1981). Typically mesophilic digesters 
are not loaded above 4.8 g VSS L-1 day-1 (Tchobanoglous et al., 2003). The ability for 
higher solids loading rates, could lead to more efficient use of infrastructure. 
Simultaneously, the higher ammonia effluents could lead to more economically viable 
methods to recover the ammonia produced during digestion.  
In addition to ammonia, sulfate reducing bacteria (SRB) could inhibit organic acid 
production. SRB could impact the process in two different ways: 1) SRB oxidize 
propionate, acetate, and butyrate into less valuable substrates, 2) SRB reduce sulfate to 
sulfide, which can be toxic to other anaerobes. Acetogens and fermentative bacteria were 
found to be more, or as tolerant, to sulfide as methanogens. This tolerance indicates that a 
higher concentration of sulfides could be accumulated during acid phase digestion. Iron 
addition is one option for precipitating sulfur to prevent reduction into toxic forms (Chen 
et al., 2008) 
Hydrogen could be another inhibitor to increased organic acid concentration. Typically, 
in dual phase digestion, hydrogen is transferred from acidogens to methanogens that 
utilize the hydrogen to produce methane. In the absence of methanogens, a buildup of 
hydrogen could inhibit fermentation (Tchobanoglous et al., 2003).  
The inhibition of hydrogen in acidogenesis is not well researched, but the production of 




(2002), determined that hydrogen comprised above 57% of the biogas stream from 
acidogenic fermentation of sucrose at a hydraulic retention time between 4.6 and 28.6 
hours. The other fraction of the gas stream was comprised mostly of carbon dioxide with 
up to 7% nitrogen. The experiment was conducted at 26 ˚C and pH 5.5 with a feed rate of 
25 g L-1 day-1. In a subsequent experiment, the optimum pH for hydrogen production was 
found to be 6.5 with 287 ml g-1 VSS-1 day-1, in comparison to pH 5.5 which had 191 ml g-
1 VSS-1 day-1 (Liu & Fang, 2003). Since hydrogen separates itself in the gas stream, it is 
not expected to be an inhibitor as long as its partial pressure does not become excessive.  
Another inhibitor to organic acid production are the organic acids themselves. Zoetmeyer 
et al. (1982) incrementally increased butyric acid in the feedstock of their acidogenic 
digester. Conversion of the feedstock (glucose) to both butyric and propionic acid 
decreased, and glucose increased in the effluent indicating less was converted. 
Interestingly, lactic acid increased heavily as butyric acid addition inhibited the 
production of propionic acid and more butyric acid (Zoetemeyer et al., 1982). As will be 
discussed later in section2.3.4, lactic acid bacteria can outcompete other bacteria with 
high concentrations of soluble sugar substrates in certain conditions.  
 Downstream Processing of Sludge 2.2.4
It is important to consider how organic acid harvesting can impact the original goals of 
digestion and include sludge volume reduction and methane production. From Eastman 
and Ferguson (1981) it was determined that the acid phase digestion can reduce 
carbohydrates and nitrogenous material while preserving a relatively high lipid content. 
The acid phase effluent organics were determined to be around 30% soluble organics, 5% 




Ferguson, 1981). Adjusting percentages for the removal of soluble organics would yield 
approximately 7% carbohydrates, 21% nitrogenous material, 57% Lipids, 12% other and 
3% gas.  
A potential downstream treatment of high lipids sludge is hydrothermal liquefaction 
(HTL). HTL is a method of converting organics into biocrude oil with characteristics 
similar to crude oil. Separation from water is not needed prior to HTL because self-
separation occurs afterward (Vardon et al., 2011). Nevertheless, a reduction in water 
content would result in less mass needing to be heated.  
Vardon et al. (2011) used HTL to produce biocrude from fully digested sludge (<1% 
lipids) and produced a product that was 9.4% biocrude, excluding the ash fraction. In the 
same publication, undigested swine manure (22% lipids) produced a product that was 
30.2% biocrude, excluding the ash fraction. Both the fully digested sludge and swine 
manure had organic fractions with carbohydrates>proteins>lipids, which is the opposite 
of that optimal for conversion (Vardon et al., 2011). HTL produces biocrude from each 
fraction of organics but conversion efficiencies vary with lipids being the highest, 
proteins second, and carbohydrates the least efficient to convert 
(lipids>proteins>carbohydrates) (Biller & Ross, 2011). The concentrations found in acid 
phase digested sludge have concentrations of lipids>proteins>carbohydrates, with a lipids 
content of 40% (Eastman & Ferguson, 1981). As a result, acid phase digested sludge 
could provide a more optimal feedstock for HTL after acids have been extracted. Beyond 
the biocrude, the bi-products of HTL are water, organics, gases, and solid residue (Biller 




Another treatment option, which is more common, is continued digestion. The remaining 
lipids, carbohydrates, and nitrogenous material would yield less methane since carbon 
would be removed in the form of organic acids (Tchobanoglous et al., 2003). There is no 
data collected that indicate that the resulting sludge quality would be significantly 
different. The removal of organic acids could reduce inhibition, and allow for more 
complete conversion of other substrates. Given their prior removal, organic acid 
concentrations in the sludge would be expected to be lower. Furthermore, the increased 
organic loading rates would be expected to produce sludge with lower water content prior 
to thickening.  
 Value of Organic Acids 2.2.5
Many of the carboxylic acids traded on the market today are derived from petroleum, and 
many pathways have been researched to produce bio-based alternatives. According to the 
outlook by the US Department of Energy, the production costs of bio based succinic and 
malic acid must be below $0.25/lb in order to compete with petroleum derived organic 
acids (Werpy et al., 2004). As can be seen in Table 2-1, the value of organic acids from 
digestion varies between $0.26 and $0.96 per pound. In comparison, the methane 
produced in the consumption of these acids is currently at $0.06 per lb (EIA, 2012). 
Market data on these acids are limited. Price points and/or demand data was found for 
propionic, acetic, succinic, butyric, malic, and lactic acid. No information could be found 




2.2.5.1 Propionic Acid 
Regarding the market for propionic acid, 52% is allocated to animal feed and grain 
preservatives. Smaller shares of the market include calcium and sodium salts (18%), 
herbicides (16%), and cellulose acetate propionate (10%). As a feed and grain 
preservative propionate is typically applied as ammonium propionate to reduce corrosion 
and inhibit mold. Ammonium propionate use is common in poultry feed, but is growing 
for hay and silage preservation. Similarly, calcium and sodium propionate salts are used 
to prevent mold growth in breads and cheeses. For herbicides, propionic acid is used as 
an intermediate in the production of diethyl ketone. Cellulose acetate propionate is used 
as a molding compound for things like toothbrushes, hair brushes, and eyeglass frames. A 
small but growing use of propionic acid is in propionic esters, which can replace xylenes 
and some ketones as more environmentally friendly solvents. Overall, demand for 
propionic acid is expected to grow at a rate of 2.3 %/year (Kirschner, 2009).  
2.2.5.2 Acetic Acid 
Vinyl Aceteate Monomer comprises 33% of the market share for acetic acid while 
terphthalic acid, a precursor to polyethylene terephthalate (PET), comprises 20% of 
market demand. PET is used to make common plastics and polyester fibers (Mirasol, 
2009). The methanol carbonylation process provides 65% of global acetic acid. Typically 
the methanol feedstock is a natural gas derivative (Kelley, 2012). As of 2009 demand was 
near capacity for global production, but more recently this has changed (Mirasol, 2009). 




2.2.5.3 Succinic Acid 
Succinic acid is used for the production of pigments, solvents, detergents, metal plating 
and to make flexible polymers (polybutylene succinate). The largest growth of succinic 
acid is predicted for biodegradable polyesters to produce food service ware and other 
bioplastics. Conventionally, succinic acid is produced via petroleum sources by 
hydrolyzing maleic anhydride, but biobased processes are on the rise (Guzman, 2012).   
2.2.5.4 Butyric Acid 
Butyric acid is used in industrial solvents and can be used to produce butanol; a drop in 
additive or replacement for gasoline(Dwidar et al., 2012). In addition, ethyl butyrate and 
butyl butyrates are two fuels which are derivable from butyric acid. Beyond fuel sources, 
butyric acid has pharmaceutical applications. Currently butyric acid is produced by 
oxidizing butyraldehyde, a downstream product of petroleum processing (Dwidar et al., 
2012). Table 2-2 summarizes the value of potential value added chemicals from 





Table 2-2 Values of Organic Acids found in Anaerobic Digestion 
Product DOE Value Added Listed?1 Price 
Methane NA $0.06/lb5 
Formic Acid Top 50 BB NA 
Acetic Acid Top 50 BB $0.26/lb3 
Lactic Acid Top 30 BB $0.85/lb4 
Propionic Acid  Top 30 BB $0.97/lb as 
PropionaldehydePropionic 
acid2 
Succinic Acid Top 30 BB $2.67-$4.07/lb 6 
Malic Acid Top 30 BB $0.84/lb4 
 
Butyric Acid Hydroxy Butryic is listed as a 
Secondary 
NA 
Sources: (Werpy et al., 2004) 2.(Kirschner, 2009) 3.(Kelley, 2012) 4.(ICIS, 2006) 
5.(EIA, 2012) 6.(Song & Lee, 2006) 
 
 Summary of Literature Review on Organic Acids in Anaerobic Digestion 2.2.6
Despite extensive research on the anaerobic digestion of sludge, little attention has been 
given to monetizing intermediate products. Thus far, organic loading rates have been 
stifled in an effort to increase methane production. Increasing the organic loading rates in 
acid phase digestion could allow the harvest of hydrogen, ammonia, and organic acids 
more economically viable, and produce a resultant sludge that is more compatible for 
HTL, yielding more profit downstream.  
Of the organic acids, propionic acid is not only one of the most valuable, but is also 
common in higher concentrations. Propionic acid production can be favored in the 
mesophilic temperature range with detention times between 3.3 and 20 hours and pH 
between 4.9 and 5.8. One challenge with propionic acid production is that higher organic 




Nevertheless, the concomitant increase in other acids, like butyric acid, may add more 
value to the process. Economically optimizing organic acid production will require 
broader and more reliable organic acid market data, and identifying the concentration 
thresholds at which each separation technique becomes viable. Regardless, the ideal 
sludge for organic acid production will be high in carbohydrates, with the carbohydrate 
fraction being low in cellulose. Food waste is a substrate that is favorable in these aspects 
and is reviewed further in the section 2.3. 
 Lactic Acid Production from Food Waste 2.3
Food waste is a substrate high in readily degradable carbohydrates and could be ideal for 
acid production. As discussed herein, lactic acid is the dominant product under the proper 
digestion conditions. As shown in Table 2-2 lactic acid has high value compared with 
other acids. This is primarily due to the demand for polylactic acid polymer production, 
but it also has potential in secondary treatment works at wastewater plants. The 
utilization of lactic acid in these markets, as well as the potential of producing lactic acid 
from food waste, are reviewed in the following sections.  
 Polylactic acid Polymers 2.3.1
A major market for lactic acid is in the production of polylactic acid (PLA) polymers. 
There are three established routes in which lactic acid can be manufactured into PLA; 
direct condensation, ring opening polymerization and azeotropic distillation. The first, 
direct condensation produces low molecular weight PLA chains with suboptimal 
characteristics. The ring opening polymerization route includes the direct condensation 
step, but is followed by formation of lactide rings, then ring opening polymerization to 




al., 2005a). The ring opening polymerization process is used by Natureworks LLC, a 
spin-off of Cargill Dow LLC, the current market leader in PLA plastics (De Guzman, 
2011; Gruber, 2003; Henton et al., 2005a).  
In all processes, the lactic acid is produced through the digestion of quickly degradable 
carbohydrates. In the case of Natureworks, the carbohydrate feedstock is corn (Henton et 
al., 2005a). While corn production is theoretically renewable it is not environmentally 
benign. The conversion of land to agricultural production has greatly influenced the 
ecology of our planet. Currently 11.7% of ice-free land is in agricultural production. 
Rockstrom et al. (2009) proposed that a boundary of no more than 15% of ice-free land 
be cultivated in production. The boundary is influenced by the concurrent implications 
for global nitrogen and phosphorous cycles, biodiversity loss, loss of freshwater and 
global climate change, and is important to observe before land is dedicated to plastics 
production (Rockstrom et al., 2009). When irrigated, corn and other crops are 
contributing to an unsustainable lowering of groundwater tables in many regions (Foley 
et al., 2005). When fertilizers are applied, they are incorporated into the plant, leached to 
water supplies, or off-gassed to the atmosphere. In the US, agriculture accounts for more 
than 50% of reactive nitrogen released into the environment; the dominant source being 
10.9 Teragrams of fertilizer applied per year. The heavy nitrogen fertilizer use contributes 
to an estimated 4.9 Teragrams per year being released to streams, which leads to hypoxic 
conditions that no longer support aerobic aquatic life (EPA, 2011). If the nitrogen 
fertilizers are incompletely oxidized on the fields then nitrous oxide, which is both a 
greenhouse gas and an ozone depleting agent, is released to the atmosphere (EPA, 2011). 




an alternative source of carbohydrates for fermentation to lactic acid. As the byproduct of 
current agricultural practices, it does not increase the demand for land and stress on 
natural systems. More suitably, food waste is generated where plastics are demanded; 
near urban centers of consumption. 
 Food Waste Generation 2.3.2
In 2007, the world wasted 1.3 Gtonnes of edible food. If food waste was considered as a 
nation in the world, it would be the third largest cause of greenhouse gas emissions 
behind the US and China (UN FAO, 2013). The US’s share of food waste was 28.7 
million tonnes, costing $800 million USD in disposal fees (EPA, 2007). The causes of 
food waste are varied and occur at all points between production and consumption. 
Globally, production and storage account for 54% of waste, while the remainder occurs 
downstream through processing, distribution and consumption (UN FAO, 2013). Food 
waste cannot be obviated by any one solution, and methods to upcycle the waste stream 
into more valuable products are needed.  
In North America and Industrialized Asia, the downstream fraction of food waste is 
substantial and is influenced heavily by waste from the final consumer, which accounts 
for 30-40% of all food waste. This is the largest cause of food waste at any point between 
production and final disposal for these regions (UN FAO, 2013). Unlike waste streams 
from food harvesting and processing which are relatively consistent, consumer waste is 
made of diverse constituents and varies between season and location.  
The consumer fraction of food waste in the United States has been most thoroughly 
quantified through analysis of municipal solid waste streams. Consumer food waste has 




2007 as shown in Figure 2-2 (EPA, 2007; US Cencus Bureau, 2007). Food waste was the 
third largest fraction of municipal solids waste (MSW) in 2007 comprising 12.5%. The 
food waste present in MSW was nearly equal to the fraction of yard trimmings and is 
only surpassed by the paper and paperboard fraction. More importantly, food waste is the 
second largest fraction of MSW that remains unrecovered; 31.7M tons were sent to 
landfills at a cost of $800 million to dispose of (EPA, 2007). Up-cycling of food waste 
could reduce disposal costs, and boost the resilience of local economies.  
 
Figure 2-2 Historical Per Capita Food Waste in the United States (EPA, 2007; US Cencus 
Bureau, 2007) 
 
 Economic Potential of Value Added Products from Food Waste 2.3.3
Up-cycling food waste to lactic acid could provide higher economic potential than other 
proposed uses of the waste source, including methane and ethanol fuels. An established 
use of food waste is in the production of methane (Komemoto et al., 2009; Zhang et al., 
2007). The current value of methane is 0.13 USD/kg (0.06 USD/lb), a relatively low 




this application (EIA, 2012). Furthermore, the process is time consuming. Digestion to 
methane requires 28 days in single stage reactors (Kim et al., 2006; Tchobanoglous et al., 
2003; Zhang et al., 2007). At best, these times can be reduced 10-12 days in multi- staged 
reactors (Kim et al., 2006). Comparatively, digestion of food waste to lactic 
concentrations >25 g L-1 has been achieved in less than 5 days (Komemoto et al., 2009; 
Omar et al., 2009; Sakai et al., 2000; Zhang et al., 2008). In addition, digestion to lactic 
acid can be performed under higher loading rates. While digestion to methane requires 
low volatile solids (VS) loading (1.6 – 4.8 g VS L-1 d-1 for single stage digestion), 
fermentation to lactic acid can be stable at food waste concentrations of 250g VS L-1 d-1, 
as demonstrated in this research (Tchobanoglous et al., 2003). Theoretically, the 
reduction in retention time and increase in loading rate indicate lactic acid digestion 
could be performed with significantly reduced infrastructure in comparison to methane 
digestion. 
The increasing demand for ethanol has also increased interest in the use of food waste as 
a carbohydrate feedstock for ethanol production. Ethanol offers a much higher market 
price than methane at 1.05 USD/Kg, but also requires additional processing (Dept. of 
Energy, 2014). First, food waste must be sterilized (typically autoclaved), then complex 
sugars must be hydrolyzed (Kiran et al., 2014). Digestion is typically carried out with the 
yeast Saccharomyces cerevisiae, which cannot break down starches independently. Either 
the addition of amolytic enzymes or the genetic engineering of yeasts to enable enzyme 
production is required (Tubb, 1986).  
Comparatively, production of lactic acid from food waste offers a high market price. If 




product. The final cost is heavily influenced by the separation and purification of lactic 
acid. Unlike ethanol production though, disinfection is not necessary, and if the naturally 
present mixed cultures are used, enzymes are not necessary to hydrolyze starches. Table 




Table 2-3 Market Price of Value Added Compounds from Food Waste 
 
Compound Market Price Citation 
Methane (Purified 
wholesale) 
0.13 USD/kg (0.06 USD/lb) (EIA, 2012) 
Ethanol 1.05 USD/kg  (0.48 USD/lb) (Dept. of Energy, 
2014) 





Previous research indicates that upgrading of biomass sources to platform-based 
chemicals, holds higher economic potential than fuels. The leading paradigm of this 
research has been the “sourcing paradigm” which pushes to continue producing 
chemicals which our economy has evolved around, but begin sourcing them from 
renewable biological sources rather than fossil sources (Sanders et al., 2007; Werpy et al., 
2004). In the case of lactic acid, the renewable source is not just more sustainable but also 
more practical. Two enantiomers of lactic acid exist; L(+) and D(-), but the L(+) form is 
needed in excess of the D(-) form to produce PLA with desirable physical properties 
packaging and service wear. When synthesized chemically from fossil sources, equal 
fractions of L(+) and D(-) isomers result (Lunt, 1998). However, in biological production 
scenarios the L(+) form is produced in higher fractions. Of the genera of lactic acid 
bacteria, Carnobacterium, Aerococcus, Enterococcus, Lactococcus Vagococcus, 




Leuconostoc and Oenococcus are the only dedicated D(-)-lactic acid producers. Species 
within Lactobacillus, Pediococcus, and Weissella may produce one or both of the 
enantiomers (Salminen et al., 2004). As a result, biological derivation of lactic acid from 
selective or mixed cultures is preferential over chemical synthesis from fossil sources if 
downstream polymerization is desired because the fractions of each enantiomer produced 
is better aligned with demand.  
Beyond the source paradigm, the entire life cycle of a product must be considered. Lactic 
acid is a platform chemical that demonstrates several life cycle advantages; it has a low 
embodied energy, it is recyclable, it is biodegradable, and it can be fermented from 
sugars by a wide array of bacteria. If the sourcing of those sugars was from food waste 
instead of dedicated crops, the life cycle of lactic acid polymers could be improved 
further.  
 Review of Food Waste Fermentations to Lactic Acid 2.3.4
Naturally present lactic acid bacteria have been utilized in food preservation for 
thousands of years, but only recently have experiments demonstrated the potential to use 
discarded food to produce lactic acid as an industrial commodity (Soomro et al., 2002). 
Homogenous food waste sources from processing facilities, like wastewater from potato 
starch extraction or wheat bran from wheat milling, have been the chosen substrate for 
much of the experimentation to produce lactic acid (Altaf et al., 2006; Huang et al., 2005; 
Naveena et al., 2005; Ohkouchi & Inoue, 2006; Rojan et al., 2007). As stated in section 
2.3.2, in North America and industrialized Asia the largest fraction of food waste is 
generated during consumer consumption which has diverse constituents and varies 




hospitals, and school cafeterias where food waste is often already commonly a separated 
output of the operation. Making use of this fraction of food waste requires the 
development of dependable processes operating on heterogeneous feedstocks.  
The potential of achieving significant lactic acid concentrations utilizing heterogeneous 
food waste sources has been well established in the previous decade. The body of 
previous work can be characterized in two groups; inoculated digestions and open 
digestions. Inoculated digestions typically sterilize the substrate then inoculate with 
specialized bacteria strains. Often the inoculation strain cannot assimilate the array of 
sugars directly, and amolytic enzymes are a required process input to hydrolyze the 
complex carbohydrates. Open digestions use naturally present bacterial communities to 
generate enzymes for hydrolysis internally, reducing process complexity. Theoretically, 
the microbial ecology of open digestions also provides process stability in the digestion 
of diverse and varying food waste streams, but this has yet to be verified. 
The inoculated experiments have generally achieved the highest final concentration and 
the highest optical purity. Sakai et al. (2003) collected food waste from restaurants, hotels, 
and hospitals, processed the waste in an autoclave, hydrolyzed with 300-ppm 
glocomylase, and then inoculated w/ Lactobacillus rhamnosus. Concentrations of 60 g L-
1 lactic acid were achieved in 3-4 days (Sakai et al., 2003). Similarly, Sakai and Ezaki 
hydrolyzed unsterilized model kitchen refuse with glucomylase and inoculated with 
Bacillus coagulans. High optical purity (97%) was achieved with L(+)-lactic acid 
concentrations of 86 g L-1 (Sakai & Ezaki, 2006). Other research has sought out lactic 
acid bacteria strains that express amolytic enzymes, negating the need to add them to 




and identified two high yield homolactic Lactobacillus strains; TD175 and TH165. When 
inoculated with 15% v/w of the strains it was found that each performed well, achieving 
29.49 and 28.23 g L-1 lactic acid respectively. However, this was a modest improvement 
over the control which achieved 24.69 g L-1 (Wang et al., 2005). It is unclear whether the 
improvement in final concentration was due to the specific bacteria inoculated or a boost 
in cell count of lactic acid bacteria compared to the control. When the food waste was 
sterilized prior to inoculation with TD175 and TH165, lactic acid yield was reduced 
compared to the non-sterilized inoculations. This indicates that a broader microbial 
ecology, an increase in cell count, or both have a positive impact on the digestion (Wang 
et al., 2005).  
Multiple experiments have demonstrated the potential of open digestion using lactic acid 
bacteria. Under appropriate conditions, naturally occurring lactic acid bacteria will out-
compete other flora in the digestion of food waste (Sakai et al., 2000; Wang et al., 2001; 
Zhang et al., 2008). Sakai et al. (2000) was the first to demonstrate that open digestion of 
food waste could produce primarily lactic acid. Concentrations of 45 g L-1 were achieved 
at 37 °C over 120 hours. The substrate used in these experiments was a “model kitchen 
waste” which was made from a selection of edible foods meant to approximate the 
consistency of municipal food waste. Sakai also identified the dominant bacterium as 
Lactobacillus plantarum and L. brevis. Neither bacteria demonstrated the ability to 
assimilate starch or cellulose directly, indicating that the broader microbial ecology is 
important in the digestion process (Sakai et al., 2000). Process optimization of food waste 
digestion to improve optical purity of the resultant acid has thus far achieved 




et al., 2008). However, a pH of 8 is impractical for the economic production of lactic acid 
because food waste typically has a pH between 4.9 and 6, and thus would require a 100-
1000x increase in the natural hydroxide concentration to achieve a pH of 8 for digestion 
(Komemoto et al., 2009; Kwon & Lee, 2004; Omar et al., 2009). Synergistic effects were 
found when cafeteria food waste was co-digested with activated sludge. The co-digestion 
produced higher lactic acid concentrations when compared to digestion of each waste 
source separately (Chen et al., 2013). Table 2-4 summarizes previous work in the lactic 
acid digestions of heterogeneous food waste sources. 
 Summary of Literature Review 2.4
There are still multiple unknown variables regarding the potential to produce value added 
chemicals from the anaerobic treatment of primary sludge and food waste. Of the 
potential chemicals, lactic acid holds both promising value and demonstrated potential, 
especially from high carbohydrate feedstocks like food waste. The merit of open 
digestion of food waste to lactic acid has been well established but the co-digestion with 
sludge has yet to be optimized. Furthermore, the impact of varying food waste sources 
over time on lactic acid production has yet to be determined. The results presented in this 
manuscript aim to fill the gap by characterizing and optimizing lactic acid production 




Table 2-4 Review of Open Food Waste Digestions 
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CHAPTER 3. MATERIALS AND METHODS 
 Batch Preparation 3.1
 Food Waste Collection 3.1.1
Purdue University dining halls and food courts discard pre-consumer and post-consumer 
food scraps daily in 64-gallon bins. The post-consumer food waste was easily identified 
as it was homogenized with paper napkins and therefore had a dryer, more fibrous 
appearance and was not collected for experimentation given the high concentration of 
cellulose. Food waste was intercepted after bins were collected from all campus locations 
and prior to final disposal. Batches were collected in 2014 as follows: 1) Feb 11; 2) Mar 
13; 3) May 7; 4) June 13; 5) July 7. A 100 mL sample of food waste was collected from 
bin one, then bin two, etc. until all bins were collected from – there were 18 bins in total. 
This rotation was repeated until 20 L food waste was obtained for the batch.  Food waste 
was homogenized using a Ninja professional (9 cup) or Waring Commercial blender ( see 
SOP 1, Appendix). Homogenized food waste was refrigerated at 4 °C throughout solids 
testing. Volatile Solids (VS) testing was performed according to SOP 4, which was 
adapted from Standard Methods 2540 G (APHA et al., 2012). Samples were dried at 
45°C and flared at 550 °C. Density testing was performed to convert solids to g VS L-1 
according to SOP 3 in the appendix. Testing was performed in replicates of six by 




Given the volatile solids concentration, DI water was added to dilute the batch to the 
desired volatile solids concentration according to SOP 2 in The appendix. 
 Primary Sludge  3.1.2
Primary sludge was collected from the West Lafayette Wastewater Treatment Utility in 
West Lafayette, IN wastewater treatment plant within two days of each food waste 
collection. The sludge was prepared to the target VS concentration according to SOP 2. 
The sludge was allowed to settle by gravity overnight at 4 °C. The settled solids were 
further thickened 2x by centrifugation at 3000 relative centrifugal force (rcf) for 10 
minutes. The supernatant produced during centrifugation was combined with the 
supernatant from gravity settling and retained for reconstituting the sludge. Volatile 
solids of the thickened sludge was tested according SOP 4 in Appendix, which is based 
on Standard Method 2540 G (APHA et al., 2012). Density testing was performed to 
convert solids to g VS L-1 according to SOP 3 in the appendix. Density testing was 
performed in replicates of six by displacement of ~25 g samples in a 250 mL graduated 
cylinder according to SOP 3 in the appendix. Volatile solids testing of the supernatant 
was performed according to SOP 5 in the appendix, which was modified from Standard 
Methods 2540 B/E (APHA et al., 2012). Samples were dried at 45°C until there was no 
apparent moisture remaining and then at 105°C for at least one hour prior to weighing. 
Batches were stored at 4°C during solids testing. Thickened sludge was then reconstituted 
with the reserved supernatant to achieve a final VS concentration of 100 g L-1 according 
to SOP 2 in the appendix.  
For each digestion, 0.8L of prepped food waste and 0.1 L of prepped primary sludge were 




prior to digestion. Unless otherwise stated, VS measurements represent the VS of the 
food waste fraction (nominal VS).  
 Reactor Setup 3.2
Digestion was performed in three separate sealed 1.3 L reactors using a BioFlo 110 
Modular Benchtop Fermentor (New Brunswick Scientific Co, Edison NJ) which provided 
continuous control of temperature, mixing, and pH as shown in Figure 3-1 The 
fermentation vessels were each equipped with two unpitched blade wheels to 
continuously stir the mixture and were set to 150 rpm for all experiments. The pH was 
controlled using 2N NaOH that was added via peristaltic pump (deadband: 0.0, output 
multiplier: 0.25). Liquid samples were siphoned via a submerged tube according to SOP 
6 in the appendix. Gas generated during digestion was captured in a 1000 mL graduated 
cylinder that was inverted in a water bath to maintain atmospheric pressure and keep the 







Figure 3-1 Schematic Bioflow 110 Reactor Setup. Mixing is constantly performed. 
Temperature is held at the setpoint with a heat blanket based on a feedback loop. pH is 
held at the setpoint by the addition of NaOH based on a feedback loop. Gas is diverted to 
a graduated cylinder inverted in water to maintain atmospheric pressure. Samples are 
siphoned via a submerged tube which is sealed when not in use.  
 
A different collection of food waste and primary sludge was retrieved for every batch of 
the experiment. Five batches total were performed. Batches 1 and 2 were a screening 
experiment to narrow the optimal conditions. JMP 10 (SAS Institute Inc., Cary, NC) 
statistical software was used to create a Box-Behnken design composed of 15 trials for 
each batch (block) with temperature, pH, and loading rate varied at 3 levels each as 
shown in Table 3-1. Liquid samples were taken at 16, 20, and 24 hours for each trial. The 
design was repeated for batch 2. Results from both batches were analyzed (JMP 10) using 




Reactor Setup. Mixing is constantly performed. Temperature is held at the setpoint with a 
heat blanket based on a feedback loop. pH is held at the setpoint by the addition of NaOH 
based on a feedback loop. Gas is diverted to a graduated cylinder inverted in water to 
maintain atmospheric pressure. Samples are siphoned via a submerged tube which is 
sealed when not in use. Significance was determined at α = 0.05.  
Table 3-1 Factors varied for Batches 1 and 2 
Factor Values tested 
 - 0 + 
pH 5 5.5 6 
Temp (˚C) 35 45 55 
Loading Rate (g VS L-1) 50 100 150 
Retention Time (hrs) 16 20 24 
 
In batch 3, digestions were performed at the pH and temperature that the batch 1 and 2 
statistical analysis indicated would produce the highest concentration of lactic acid. 
Loading rate varied from 50 to 250 g VS L-1(undiluted food waste) to determine the 
loading rate which maximized yield and the loading rate which maximized concentration 
at 24 hours retention time. Volatile solids were tested after 24 hours using the same 
procedure as the original food waste, except corrections were applied to account for 
dilution due to base addition during digestion, and the production of lactic acid which has 
low volatility during the drying stage (45°C) of solids testing and can therefore create a 




Batches 4 and 5 were used to refine the pH, temperature and time optimization of 
batches 1 and 2 and further characterized the fermentation at optimal conditions. 
Digestions were performed at the loading rate to optimize yield, 150 gVS L-1, as 
identified in batch 3. No interaction effects with time were identified in batches 1 and 2, 
which allowed for batches 4 and 5 to be carried out for 16 hours for efficiency. Batch 4 
used multiple iterations of a 22 factorial design, adjusting pH and temperature. Conditions 
of pH 5 and 45°C were chosen as a starting point for comparison to batches 1 and 2. 
After three trials in a 22 set, the concentration of each trial was tested. The conditions for 
the next three trials were chosen based on the effect of each factor in the previous three 
trials. This was repeated until all concentrations in a trials of three were lower than the 
previous three trials. The pH and temperature which led to the highest concentration were 
considered the optimum conditions for batch 4. Batch 5 was replicated using the highest 
concentration in batch 4 (pH 5.5, 41°C), as well as conditions ±2°C and ±0.2 pH (Table 
4-3). A replicate trial from batch 4, and the trial in batch 5 at pH 5.5 and 41°C, were 
carried out to 24 hours to characterize the degradation of carbohydrates, lipids, and 
proteins as wells as optical purity at the optimized conditions.   
 Analytical Methods 3.3
The following analytical methods were used throughout experimentation. Detailed 
Standard Operating Procedures for each method are outlined in the appendix.  
 Acids 3.3.1
Acids - Samples were centrifuged and decanted three times, diluted 20x, then filtered at 
0.2 µm into vials. Acid concentration was measured via High Performance Liquid 




HPX-87H Column and Waters 2414 Refractive Index detector (flow rate: 0.6 ml/min at 4 
˚C, w/ 0.005M H2SO4 mobile phase). The procedure is detailed in SOP 6 of the appendix.  
 Ammonium 3.3.2
Samples were centrifuged at 3000 rcf for 10 min then diluted 10x. Calibration solutions 
and samples were adjusted to 0.01N NaCl to dampen error due to ionic strength. An Ion 
Selective Electrode Probe (Cole Parmer YO-27504-00) was used to measure ammonium 
concentration during low agitation on a stir plate. The procedure is detailed in SOP 8 of 
the appendix. 
 Carbohydrates 3.3.3
Carbohydrates were analyzed as monosaccharaides, according to NREL/TP-510-42623 
(Sluiter et al., 2006). Each substrate was homogenized prior to sampling. Samples were 
diluted 10x, acidified with 4% H2SO4, and autoclaved at 121°C for 1 hour to hydrolyze 
polysaccharides. Samples were neutralized with CaCO3, and then analyzed via HPLC 
with an Aminex HPX-87P Column and a refractive index detector. Sugar recovery 
standards were analyzed to correct for loss of monosaccharaides during acid hydrolysis. 
Net digestion results were corrected for dilution due to 2N NaOH addition during 
digestion. The procedure is detailed in SOP 10 of the appendix. 
 Lipids 3.3.4
Lipid analysis was performed according to Standard Methods 5520 E (APHA et al., 
2012). Samples were acidified with 1ml HCl per 40ml sample immediately after harvest. 
Extraction with n-hexane occurred over 4 hours in a Soxhlet apparatus. Distillation of the 
solvent was performed in a Buchi R-200 rotavapor for 30 min at 70 °C. Measurements 




dilution due to 2N NaOH addition during digestion. The procedure is detailed in SOP 9 
of the appendix. 
 Proteins 3.3.5
Protein (Organic nitrogen) analysis was performed by Dairy One Forage Lab (Ithaca, NY) 
using a LECO TruMac N Macro Determinator. Samples were frozen immediately after 
harvest and shipped on dry ice. A Kjeldahl conversion factor of 6.25 was used. Net 
digestion results were corrected for dilution due to 2N NaOH addition during digestion. 
The procedure is detailed in SOP 11 of the appendix. 
 Optical Purity 3.3.6
Optical purity was determined using an NZYtech D-/L-Lactic acid kit. The procedure 
was performed according manufacturer instructions. Tests were performed on aliquots of 
the centrifuged samples for acid testing. Aliquots were diluted by 5000x to meet the 
concentration limitations of the test kit. Testing, including dilution, was performed in 
duplicate and results averaged. In order to reduce error, L(+)-lactic acid concentrations 
were determined by applying the L/D fractions to the total acid concentration determined 




CHAPTER 4. IDENTIFYING CONDITIONS TO OPMIZE LACTIC ACID 
PRODUCTION FORM FOOD WASTE  
A paper to be submitted to Bioresource Technology 
 Abstract 4.1
There is an increase in the demand for lactic acid for the production of biopolymers and 
to aid nutrient removal in wastewater treatment. Food waste offers a steady source of 
soluble sugars to produce lactic acid that does not increase land use, but further study is 
required to determine the optimal digestion conditions for co-digestion with sludge. This 
study fills the gap and used food waste was collected from cafeteria waste bins and 
seeded with primary sludge to study the optimal lactic acid conditions. Response surface 
methodology was used to optimize lactic acid production based on pH, temperature, 
loading rate, and retention time. When optimized for concentration and yield, 58 g L-1 
and 48 g L-1 lactic acid were achieved respectively and retention time was reduced three-
fold over previous experiments. Approximately 60% of the lactic acid produced was L(+) 
lactic acid. The ratio of soluble chemical oxygen demand to NH4-N was 176 indicating 
potential for use in biological nutrient removal. Digestion of carbohydrates, lipids, and 





In 2007, the global edible food waste was estimated to be around 1.3 Gtonnes (Food 
& Agriculture Organization of the United, 2013). The US alone contributed 
approximately 28.7 million tonnes, which accounted for approximately $800 million 
USD in disposal fees (EPA, 2007). The causes of food waste are varied and can occur at 
any point in the chain between production and consumption. The majority of food is 
wasted during production and storage, which account for 54% of the food waste 
generated globally; the remainder occurs downstream during processing, distribution and 
consumption (Food & Agriculture Organization of the United, 2013). Food waste cannot 
be obviated by any one solution, and methods to upcycle the waste stream into more 
valuable products are necessary.  
Anaerobic digestion of food waste to methane is a well-studied yet underutilized 
technique for disposal (Komemoto et al., 2009; Zhang et al., 2007). The current value of 
methane is 0.13 USD/kg (0.06 USD/lb), a relatively low selling price (EIA, 2012). This 
has affected wider utilization of anaerobic digestion as an energy generator in the U.S.; 
only 106 out of 544 wastewater digesters have the capacity to utilize the methane they 
produce (Eastern Research Group Inc. & Energy and Environmental Analysis, 2007). 
Instead methane is flared which is a two-fold problem due to the release of carbon 
dioxide into the atmosphere and the loss of revenue by not using the generated methane. 
A possible solution to methane flaring due to the low value is to convert the food 
waste into a more valuable product such as lactic acid. Lactic acid is a chemical 
intermediate in the digestion to methane and has greater economic potential. The primary 




have physical properties approximate to PET or polystyrene, but unlike conventional 
plastics, PLA is biodegradable, recyclable, and as a thermoplastic, is 3D printable 
(Henton et al., 2005b; Lim et al., 2008; Lunt, 1998; Sinclair, 1996). Polylactic acid 
polymers trade for 1.87 -2.20 USD/kg (0.85 to 1.00 USD/lb) and constitute a major share 
of the global bioplastics supply which grew at 17.7%/yr between 2007 and 2012 (Baker, 
2013; De Guzman, 2011). For desirable polymer properties, a high proportion of the 
L(+)-lactic acid enantiomer is required (Henton et al., 2005b). Beyond polymers, lactic 
acid has value in secondary waste water treatment operations where, in dilute form, it can 
serve as a carbon source for biological phosphorus removal. In this capacity the effect 
resembles that of acetic acid (Gerber et al., 1986). 
In addition to generating a higher value product, digestion to lactic acid could be 
performed in smaller footprint facilities than is required for digestion to methane. 
Anaerobic Digestion to methane requires approximately 28 days for the hydraulic 
retention time (HRT) in single stage reactors (Kim et al., 2006; Tchobanoglous et al., 
2003; Zhang et al., 2007). At best, the HRT can be reduced to10-12 days in multi- staged 
reactors (Kim et al., 2006). In comparison, digestion of food waste to lactic acid 
concentrations >25 g L-1 has been achieved in less than 5 days (Komemoto et al., 2009; 
Omar et al., 2009; Sakai et al., 2000; Zhang et al., 2008). Furthermore, digestion to lactic 
acid can be performed under higher loading rates. While fermentation to methane 
requires volatile solids (VS) loading <1.6 g VS L-1 d-1 for single stage digestion 
(Tchobanoglous et al., 2003), digestion to lactic acid can be stable at food waste 




reduction in HRT and increased loading rate indicates that lactic acid digestion could be 
performed with significantly reduced infrastructure when compared to methane digestion.  
Lactic acid is primarily generated during fermentation of refined sugar substrates 
using single-strain bacterial populations (Henton et al., 2005b; Lunt, 1998; Rojan et al., 
2007). This process compromises the sustainability of PLA polymers by increasing 
demand on the land, competing with food supply, and creating dependence on resources 
that are far from centers of consumption. In contrast, food waste is a source of soluble 
sugars generated heavily at centers of consumption and is the product of agricultural land 
already in production. Naturally present lactic acid bacteria have been utilized in food 
preservation for thousands of years, but just recently have experiments demonstrated the 
potential to use discarded food to produce lactic acid as an industrial commodity (Soomro 
et al., 2002). Homogenous food waste sources from processing facilities, like wastewater 
from potato starch extraction or wheat bran from wheat milling, have been the chosen 
substrate for much of the homogeneous waste experimentation (Altaf et al., 2006; Huang 
et al., 2005; Naveena et al., 2005; Ohkouchi & Inoue, 2006; Rojan et al., 2007). However, 
in North America and industrialized Asia the largest fraction of food waste is generated 
during consumer consumption and contains diverse constituents that vary between season 
and location (Food & Agriculture Organization of the United, 2013). Making use of the 
broader fraction of food waste requires the development of robust processes that can 
operate by making use of heterogeneous feedstocks.  
The potential of achieving significant lactic acid concentrations utilizing 
heterogeneous food waste sources has been established in the previous decade. The body 




digestion. Inoculated experiments typically sterilize the substrate then inoculate with 
specialized bacterial strains. Often the inoculation strain cannot assimilate the array of 
sugars directly, and require additional enzymes to hydrolyze the complex carbohydrates. 
Open culture experiments use naturally present bacterial communities that generate 
enzymes for hydrolysis internally, reducing process complexity. Theoretically, the 
microbial ecology of open digestion systems also provides process stability in the 
digestion of diverse and varying food waste streams; though this has yet to be fully 
quantified.  
The inoculated experiments were able to achieve the highest final concentration 
and the highest optical purity. Enzymatically hydrolyzed and autoclaved food waste 
inoculated with Lactobacillus rhamnosus has demonstrated capablity of producing 60 g 
L-1 lactic acid in 3-4 days (Sakai et al., 2003). Similarly, 86 g L-1 L(+)-lactic acid was 
achieved by fermenting  enzymatically hydrolyzed but unsterilized food waste inoculated 
with Bacillus coagulans. L(+)-lactic acid composed 97% of the total lactic acid (Sakai & 
Ezaki, 2006).  
Results from prior experiments demonstrate the potential of open digestion using 
lactic acid bacteria. Under appropriate conditions, naturally occurring lactic acid bacteria 
will out-compete other flora in the digestion of food waste (Sakai et al., 2000; Wang et al., 
2001; Zhang et al., 2008). Concentrations of 45 g L-1 lactic acid were achieved at 37 °C 
in 120 hours. The dominant bacteria identified were Lactobacillus plantarum and L. 
brevis. Neither bacteria demonstrated the ability to assimilate starch or cellulose directly, 
indicating that the broader microbial ecology is important in the anaerobic digestion 




of the resultant acid and has thus far achieved concentrations up to 49 g L-1 L(+)-lactic 
acid. A pH of 8 was found to be optimal (Zhang et al., 2008). However, a pH of 8 is 
impractical for the economic production of lactic acid because food waste typically has a 
pH between 4.9 and 6, and thus would require a 100-1000x increase in the natural 
hydroxide concentration (Komemoto et al., 2009; Kwon & Lee, 2004; Omar et al., 2009). 
Synergistic effects were found when cafeteria food waste was co-digested with activated 
sludge. The co-digestion produced higher lactic acid concentrations when compared to 
digestion of each waste source separately (Chen et al., 2013). The merit of open digestion 
of food waste to lactic acid has been well established but the co-digestion with sludge has 
yet to be fully studied. Furthermore, the impact of varying food waste sources over time 
on lactic acid production has yet to be determined. The results presented in this 
manuscript aim to fill the gap by characterizing and optimizing lactic acid production 
from food waste co-digested with primary sludge. 
To achieve the goal of this study, food waste was collected in five different batches 
from campus dining locations at various times, homogenized, and then seeded with 
primary sludge. An iterative approach was used with the loading rate, retention time, pH, 
and temperature as the variables to determine the conditions that produce the maximum 
concentration and maximum yield of lactic acid. Response surface methodology was used 
to narrow the range of factors using batches one and two. This narrowed the range for the 
temperature, pH, and retention time that produced the highest lactic acid concentration. 
Batch three was tested at the optimal conditions identified in batches one and two, while 
the loading rate was varied to determine the rates that maximize yield and concentration. 




three) to confirm and refine the optimum pH, temperature, and retention time identified 
in batch one and two.  
 Materials and Methods 4.3
 Batch Preparation 4.3.1
Food Waste Collection; Purdue University dining halls and food courts discard pre-
consumer and post-consumer food scraps daily in 64-gallon bins. The post-consumer 
food waste was easily identified as it was homogenized with paper napkins and therefore 
had a dryer, more fibrous appearance and was not collected for experimentation given the 
high concentration of cellulose. Food waste was intercepted after bins were collected 
from all campus locations and prior to final disposal. Batches were collected in 2014 as 
follows: 1) Feb 11; 2) Mar 13; 3) May 7; 4) June 13; 5) July 7. A 100 mL sample of food 
waste was collected from bin one, then bin two, etc. until all bins were collected from – 
there were 18 bins in total. This rotation was repeated until 20 L food waste was obtained 
for the batch.  Food waste was homogenized using a Ninja professional (9 cup) or Waring 
Commercial blender, as available. Homogenized food waste was refrigerated at 4 °C 
throughout solids testing. Volatile Solids (VS) testing was adapted from Standard 
Methods 2540 G (APHA et al., 2012). Samples were dried at 45°C and flared at 550 °C. 
Density testing was performed to convert solids to g VS L-1. Testing was performed in 
replicates of six by displacement of ~25 g samples in a 250 mL graduated cylinder. Given 
the volatile solids concentration, DI water was added to dilute the batch to the desired 
volatile solids concentration. 
Primary Sludge was collected from the West Lafayette Wastewater Treatment 




waste collection. The sludge was allowed to settle by gravity overnight at 4 °C. The 
settled solids were further thickened 2x by centrifugation at 3000 relative centrifugal 
force (rcf) for 10 minutes. The supernatant produced during centrifugation was combined 
with the supernatant from gravity settling and retained for reconstituting the sludge. 
Volatile solids of the thickened sludge was tested according to Standard Method 2540 G 
(APHA et al., 2012). Density testing was performed to convert solids to g VS L-1. 
Density testing was performed in replicates of six by displacement of ~25 g samples in a 
250 mL graduated cylinder. Volatile solids testing of the supernatant was modified from 
Standard Methods 2540 B/E (APHA et al., 2012). Samples were dried at 45°C until there 
was no apparent moisture remaining and then at 105°C for at least one hour prior to 
weighing. Batches were stored at 4°C during solids testing. Thickened sludge was then 
reconstituted with the reserved supernatant to achieve a final VS concentration of 100 g 
L-1.  
For each digestion, 0.8L of prepped food waste and 0.1 L of prepped primary sludge were 
combined and frozen until use. Each trial was allowed to thawed in a water bath for 7 
hours prior to digestion. Unless otherwise stated, VS measurements represent the VS of 
the food waste fraction (nominal VS). 
 Reactor Setup 4.3.2
Digestion was performed in three separate sealed 1.3 L reactors using a BioFlo 110 
Modular Benchtop Fermentor (New Brunswick Scientific Co, Edison NJ) which provided 
continuous control of temperature, mixing, and pH as shown in Figure 4-1. The 
fermentation vessels were each equipped with two unpitched blade wheels to 




controlled using 2N NaOH that was added via peristaltic pump (deadband: 0.0, output 
multiplier: 0.25). Liquid samples were siphoned via a submerged tube. Gas generated 
during digestion was captured in a 1000 mL graduated cylinder that was inverted in a 
water bath to maintain atmospheric pressure and keep the reactor sealed. A schematic of 
the reactor is shown in Figure 4-1.  
 
 
Figure 4-1 Schematic Bioflow 110 Reactor Setup. Mixing is constantly performed. 
Temperature is held at the setpoint with a heat blanket based on a feedback loop. pH is 
held at the setpoint by the addition of NaOH based on a feedback loop. Gas is diverted to 
a graduated cylinder inverted in water to maintain atmospheric pressure. Samples are 
siphoned via a submerged tube which is sealed when not in use. 
 
 Experimental Design 4.3.3
A different collection of food waste and primary sludge was retrieved for every batch of 




experiment to narrow the optimal conditions. JMP 10 (SAS Institute Inc., Cary, NC) 
statistical software was used to create a Box-Behnken design composed of 15 trials for 
each batch (block) with temperature, pH, and loading rate varied at 3 levels each as 
shown in Table 4-1. Liquid samples were taken at 16, 20, and 24 hours for each trial. The 
design was repeated for batch 2. Results from both batches were analyzed (JMP 10) using 
a response surface model with the factors listed in Table 4-1. Significance was 
determined at α = 0.05.  
Table 4-1 Factors varied for Batches 1 and 2 
Factor Values tested 
 - 0 + 
pH 5 5.5 6 
Temp (˚C) 35 45 55 
Loading Rate (g VS L-1) 50 100 150 
Retention Time (hrs) 16 20 24 
 
In batch 3, digestions were performed at the pH and temperature that the batch 1 and 2 
statistical analysis indicated would produce the highest concentration of lactic acid. 
Loading rate varied from 50 to 250 g VS L-1(undiluted food waste) to determine the 
loading rate which maximized yield and the loading rate which maximized concentration 
at 24 hours retention time. Volatile solids were tested after 24 hours using the same 
procedure as the original food waste, except corrections were applied to account for 




low volatility during the drying stage (45°C) of solids testing and can therefore create a 
positive error in VS testing.  
Batches 4 and 5 were used to refine the pH, temperature and time optimization of 
batches 1 and 2 and further characterized the fermentation at optimal conditions. 
Digestions were performed at the loading rate which optimized yield, 150 gVS L-1, 
identified in batch 3. No interaction effects with time were identified in batches 1 and 2, 
which allowed for batches 4 and 5 to be carried out for 16 hours for efficiency. Batch 4 
used multiple iterations of a 22 factorial design, adjusting pH and temperature. Conditions 
of pH 5 and 45°C were chosen as a starting point for comparison to batches 1 and 2. 
After three trials in a 22 set, the concentration of each trial was tested. The conditions for 
the next three trials were chosen based on the effect of each factor in the previous three 
trials. This was repeated until all concentrations in a trial of three were lower than a trial 
in the previous trial of three. The pH and temperature which led to the highest 
concentration were considered the optimum conditions for batch 4. Batch 5 was 
replicated using the highest concentration in batch 4 (pH 5.5, 41°C), as well as conditions 
±2°C and ±0.2 pH (Table 4-3). A replicate trial from batch 4, and the trial in batch 5 at 
pH 5.5 and 41°C, were carried out to 24 hours to characterize the degradation of 





 Analytical Methods 4.3.4
4.3.4.1 Acids 
Samples were centrifuged and decanted three times, diluted 20x, then filtered at 0.2 µm 
into vials. Acid concentration was measured via High Performance Liquid 
Chromatography (HPLC) using a Waters 2695 Separations Module with an Aminex 
HPX-87H Column and Waters 2414 Refractive Index detector (flow rate: 0.6 ml/min at 4 
˚C, w/ 0.005M H2SO4 mobile phase). 
4.3.4.2 Ammonium 
Samples were centrifuged at 3000 rcf for 10 min then diluted 10x. Calibration solutions 
and samples were adjusted to 0.01N NaCl to dampen error due to ionic strength. An Ion 
Selective Electrode Probe (Cole Parmer YO-27504-00) was used to measure ammonium 
concentration during low agitation on a stir plate. 
4.3.4.3 Carbohydrates 
Carbohydrates were analyzed as monosaccharides, according to NREL/TP-510-42623 
(Sluiter et al., 2006). Each substrate was homogenized prior to sampling. Samples were 
diluted 10x, acidified with 4% H2SO4, and autoclaved at 121°C for 1 hour to hydrolyze 
polysaccharides. Samples were neutralized with CaCO3, and then analyzed via HPLC 
with an Aminex HPX-87P Column and a refractive index detector. Sugar recovery 
standards were analyzed to correct for loss of monosaccharides during acid hydrolysis. 






Lipid analysis was performed according to Standard Methods 5520 E (APHA et al., 
2012). Samples were acidified with 1ml HCl per 40ml sample immediately after harvest. 
Extraction with n-hexane occurred over 4 hours in a Soxhlet apparatus. Distillation of the 
solvent was performed in a Buchi R-200 rotavapor for 30 min at 70 °C. Measurements 
were performed in duplicate and averaged. Net digestion results were corrected for 
dilution due to 2N NaOH addition during digestion. 
4.3.4.5 Protein 
Protein (Organic nitrogen) analysis was performed by Dairy One Forage Lab (Ithaca, NY) 
using a LECO TruMac N Macro Determinator. Samples were frozen immediately after 
harvest and shipped on dry ice. A Kjeldahl conversion factor of 6.25 was used. Net 
digestion results were corrected for dilution due to 2N NaOH addition during digestion. 
4.3.4.6 Optical Purity 
Optical purity was determined using an NZYtech D-/L-Lactic acid kit. Tests were 
performed on aliquots of the centrifuged samples for acid testing. Testing, including 
dilution, was performed in duplicate and results averaged. L(+)-lactic acid concentrations 
were determined by applying the L/D fractions to the total acid concentration determined 
via HPLC. 
 Results and Discussion 4.4
 General Food Waste Characteristics 4.4.1
After collection and homogenization, and prior to dilution, Blocks 1, 2 and 3 were 




agreement with previously reported findings of an average VS concentration of San 
Francisco food waste to be at 26.35% (Zhang et al., 2007). Blocks 4 and 5 varied 
significantly at 360.12 and 197 g VS L-1 respectively. This discrepancy is likely due to 
the summer collection time as a reduced student population resulted in a smaller volume 
of food waste to collect from and a greater variance. The VS/TS ratio of all five food 
waste batches was consistent ranging from 93-95%. This result is in agreement with 
previously published literature (Kiran et al., 2014; Komemoto et al., 2009; Kwon & Lee, 







Table 4-2: Properties of food waste batches prior to dilution. Volatile solis vary while the 
ratio of volatile solids to total solids remains constant 
Batch Volatile Solids (g L-1) VS/TS 
1 249.0 94.1% 
2 264.7 94.2% 
3 249.8 94.2% 
4 360.1 95.4% 






 Batch 1 and 2 – Narrowing in on Conditions 4.4.2
The response surface analysis of Batches 1 and 2 indicated that all factors were 
significant and that there were interaction effects present. Figure 4-2a demonstrates the 
effect of temperature and pH on the final concentration. The interaction of pH and 
temperature (p=0.08) was not originally found significant at α=0.05, but as will be 
discussed later, additional data from batches 3, 4, and 5 confirmed its significance at 
α=0.05. Figure 4-2b demonstrates the interaction of loading rate and temperature which 
were found to be significant (p=0.0002) with a decrease in the optimum temperature of 
3°C per100 g VS L-1 increase in loading rate. In general the response surface indicated 
that higher time and loading rates could lead to higher concentrations (Figure 4-2c), but 
when the data for individual trials was evaluated, it was found that high concentration 
trials (>30 g L-1 Lactic acid at 24 hrs) achieved 80-110% of their final concentration 
within 16 hours. Overall, batches 1 and 2 indicated that optimum conditions were near 
a b c
Figure 4-2 a) Effect of pH and Temperature on the conc. of lactic acid; b) Effect of Temperature 
and Loading Rate on the conc. of lactic acid; c) Effect of Loading rate and time on the 




41°C and pH 5.3 and at those optimum conditions, maximum concentration could be 
achieved between 16 and 24 hours. Batches 1 and 2 results also indicated that loading 
rates above 150 g VS L-1 could improve final concentration. 
 Batch 3 – Optimizing Yield and Concentration 4.4.3
Batch 3 was designed to optimize loading rate by broadening the range tested to 
determine the loading rates that would maximize the yield and concentration of lactic 
acid. Volatile solids values up to 250 g L-1were tested as they corresponded with 
undiluted food waste sample. Figure 4-3 shows the results of yield optimization in terms 
of VS destroyed, and original VS loading. The yield of lactic acid can be evaluated 
according to either the initial VS or the amount of VS that are destroyed during digestion. 
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Figure 4-4, shows that concentration is maximized near 58 g L-1. The leveling of the 
lactic acid concentration as the substrate concentration is increased likely indicates the 
effect of product inhibition. The maximum concentration obtained corresponds with 
attainment of maximum concentrations of food waste (i.e. the undiluted food waste could 
not be concentrated further). 
 
Table 4-3 Lactic Acid Concentrations (g L-1) in Batch 4 and 5 (150 g VS L-1, 16 hrs; 
Temp in °C) 
  Batch 4    Batch 5 
 
  39° 41° 43° 45° 
 
39° 41° 43° 45° 
pH 
5.75 34.5 38.3 
    
46.3 
  5.50 34.5 40.8 31.2 
  




   
40.4 
  5.00 
  
37.3 36.5 
      Batches 4 and 5 – Refining Conditions 4.4.4
Batches 4 and 5 were performed to confirm the statistical optimum indicated in batches 1 
and 2. The batches were digested at the loading rate which maximized yield determined 
in batch 3 (150 g VS L-1). The results from batches 4 and 5 are shown in Table 4-3. Two 
way ANOVA of Batch 4 demonstrates that there is a significant difference between x and 
y based on pH (p=0.04) and temperature (p=0.02). Two way ANOVA of batch 5 
demonstrates that neither pH (p=0.08) nor temperature (p=0.61) are significant in the 
range of 5.25-5.75 and 39-43°C respectively, although additional data would likely 
demonstrate that pH is significant at α=0.05. In batch 5, pH 5.5 and 43°C resulted in the 
highest concentration of lactic acid. This result corresponds with the statistical analysis 




43°C at pH 5.5 (p = 0.94). It can be concluded that each batch of food waste exhibited a 
different response to small perturbations and in pH and temperature, but a pH of 5.5 and 
41°C consistently maximized the concentration. Two additional replicates from batch 4 
were digested at 5.5, 41 °C with results of 37.0 and 39.1 g L-1 lactic acid indicating 
repeatability within batches.  
Two of the experiments contained within batches 4 and 5 (pH 5.5, 41°C) were carried to 
24 hours to characterize the digestion of carbohydrates, lipids and proteins. Figure 4-5 
displays the average net digestion of macromolecules of these two experiments. 
Carbohydrates were the primary macromolecule consumed, degrading 80%, but lipids 
also showed significant reduction at 60%. Proteins were more consistent, degrading 12%. 
The combined degradation of organics was 57%, which is supported by a corresponding 
reduction in VS of 59%. It can be concluded from Figure 4-5 that carbohydrates were the 









Glucose was the primary carbohydrate monomer and the most preferentially consumed. 
Glucose comprised 54.6-56 g L-1 at hour zero and 4.8-9.7 g L-1 at 24 hours. 
Comparatively, galactose comprised 2.6-3.9 g L-1 at hour zero and 2.2-2.4 g L-1 at 24 
hours less. Cellobiose, xylose, arabinose, fructose and mannose were detected but fell 
below the HPLC calibration range (<0.125 g L-1 at 10x dilution) and were therefore 
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Figure 4-5 Digestion of Macromolecules (Batch 4 and 5, pH 5.5, 41°C, 150 g 





shown in Table 4-2, each consisted of a similar starting carbohydrate concentration after 
dilution to 150 g L-1 VS with 57.2 and 60 g L-1 respectively. The final concentrations for 
batches 4 and 5 were 38.0 to 44.5 g L-1 lactic acid respectively, but yields were in 
agreement when evaluated in terms of carbohydrate consumption; batch 4 produced 0.97 
g HLa • g Carb-1 consumed (1.92 mol HLa • mol Carb-1) and batch 5 produced 0.98 g 
HLa • g Carb-1 (1.95 mol HLa •mol Carb-1).  
 Optical Purity 4.4.5
When yield is optimized (batches 4 and 5 at pH 5.5, 41 °C), the optical purity was 59 ± 2% 
L(+)-lactic acid which corresponds with 24-28 g L-1 L(+)-lactic acid. When the loading 
rate was increased to maximize concentration (batch 3, pH 5.3, 41°C), the optical purity 
is slightly less at 54% L(+)-lactic acid or 31.5 g L-1 L(+)-lactic acid. This indicates that 
the optimal conditions identified in this study are better paired with downstream chiral 
separation if the lactic acid is to be used for polymerization.  
 Optimal pH and Termperature 4.4.6
The optimal pH of 5.5 and temperature of 41°C is in contrast to previous research which 
determined the maximum L(+)-lactic acid production at pH 8 and 35°C in open 
digestions. The previously determined optimum obtained a higher L (+)-lactic acid 
concentration (49 g L-1) but does so at expense of a 500x higher hydroxide concentration. 
In the pH range of 5 and 6, the previous research obtained L(+)-lactic acid concentrations 
of 15 and 25 g L-1 respectively were achieved (Zhang et al., 2008). Comparatively, the 
maximizing of concentration in batch 3 of this study achieved 31.5 g L-1 L(+)-lactic acid 
at pH 5.3. The difference in these optimizations is this study was performed using closer 




identification of a new optimum (pH 5.5, 41°C) makes it possible to carry out lactic acid 
production at a practical pH. This is especially applicable in lactic acid production for 
biological nutrient removal at wastewater operations, because these operations do not 
necessitate the precipitation of lactic acid to be able to utilize the product, and primary 
sludge is available onsite for co-digestion.   
The optimum temperature of 41 °C also offers a higher specification to previous research 
which found food waste fermentations to have the highest solubilization rate between 35° 
and 45°C (Komemoto et al., 2009). 
 Biological Nutrient Removal Potential 4.4.7
 
 
The production of significant acid concentrations indicates the process has potential as an 
exogenous carbon source for biological nitrogen and phosphorous removal in waste 
water treatment operations. Ammonium, tested in batches 1 and 2, remained relatively 
low indicating that the digestion media has potential use in biological nutrient removal 
a b
Figure 4-6 a) Effect of Time and Loading Rate on Ammonium concentration b) Effect of 




with minimal processing. The average ammonium concentration after digestion was 0.17 
g L-1 NH4-N, with concentrations ranging from 0.06 to 0.38 g L-1 NH4-N.  Figure 4-6a 
demonstrates the increased ammonium concentration as the temperature nears 41 °C, 
similar to lactic acid, but unlike lactic acid, ammonium increases rapidly as the pH is 
increased.  Ammonium also increased rapidly with loading rate and moderately with time, 
as shown in Figure 4-6b. When lactic acid yield was maximized (batches 4 and 5, pH 5.5, 
41°C, 150 g L-1 VS), ammonium concentrations averaged 0.29 g L-1 NH4-N at 24 hrs.  
In addition to lactic acid, minor amounts of acetic, propionic, and butyric acid were 
present, which also hold value for biological nutrient removal (Gerber et al., 1986; Lim et 
al., 2008). Total acids were maximized under the same conditions that lactic acid was 
maximized. At maximum lactic acid yield (batch 4 and 5, pH 5.5, 41°C, 150 g L-1 VS, 16 
hrs), total acid concentrations averaged 47.48 g L-1. At maximum lactic acid 
concentration (batch 3, pH 5.3, 41°C) total acid concentration was 65.64 g L-1. The 
optimization indicates that there is more notable potential for biological nutrient removal 
from food waste than previously reported. Previous reports indicated a soluble chemical 
oxygen demand (SCOD) to NH4-N ratio of 36.4 in the digestion of food waste, but did 
not consider lactic acid production or fully optimize (Lim et al., 2000). Comparatively, an 
SCOD: NH4-N ratio of 176.0 was achieved at the optimum in batches 4 and 5 of this 
experiment. Additional testing to determine the SCOD:Phosphorus ratio could confirm 
the suitability of this process to provide a carbon source for biological nutrient removal.  
 Bacteria and Pathways 4.4.8
Two well-known pathways exist within lactic acid bacteria to ferment carbohydrates to 




glucose to pyruvate then reduction of pyruvate to lactate to yield 2 mols lactic acid • mol 
glucose - 1. Galactose may also be utilized in homolactic fermentation with the same yield 
when it enters the pathway as the intermediates glucose-6-phosphate or tagatose-6-
phosphate. Heterolactic fermentation utilizes the 6-phosphogluconate pathway to produce 
one mole each of lactic acid, carbon dioxide, and ethanol per mole glucose (Salminen et 
al., 2004). Glucose and galactose have near identical MW and were the only two 
carbohydrate monomers in significant quantity in the food waste and sludge batch prior 
to digestion. Our experiments showed an average yield of 1.94 mol lactic acid* mol 
carbohydrate-1 consumed in batch 4 and 5 optimal conditions and quantities of ethanol 
were insignificant. Therefore there is strong evidence that homolactic fermentation is 
dominating at optimal conditions. Assuming homolactic fermentation, 97% of theoretical 
yield was achieved at the optimum in batch 4 and 5.  
Lactobacillus plantarum and L. brevis were the dominant species found in the first open 
digestions of food waste. Of these L. plantarum demonstrated the largest cell growth and 
grew well from pH 4.5 to 9 with slightly increasing growth as pH increased. In contrast L. 
brevis had a narrow optimal growth near pH 5 (Sakai et al., 2000). The optimal pH of 5.5 
found in this study would maximize bacterial populations in a system dominated by these 
two species. In addition to L. planarum, L. fermentum has also been found to be in 
significant quantity at pH 5 (Zhang et al., 2008). L.plantarum, L. fermentum, and L. 
brevis are also dominant among LAB strains in the gastrointestinal tract of humans 
(Salminen et al., 2004). Therefore, our inoculation with primary sludge did not 
necessarily alter the microbial ecology of the system but more conceivably boosted the 




for the more than 3x reduction in retention time achieved in these digestions compared to 
previous experiments (Omar et al., 2009; Sakai et al., 2000; Zhang et al., 2008).  
 Conclusion 4.5
The batch digestion of food waste co-digested with primary sludge offers significant 
reductions in retention time over non inoculated systems, and is optimized at a much 
more moderate pH than previous research. Batches collected from the same sources, but 
at different times have a statistically significant impact on lactic acid concentration, yet 
these batches achieve similar yields when conditions are optimized. The system is 
optimized under the following conditions: pH 5.5; Temperature: 41 °C; Loading rate: for 
maximum lactic acid concentration, undiluted food waste at 250 g L-1 VS, and for 
maximum yield of lactic acid at 150 g L-1 VS food waste; retention time: 20 hrs when 
yield is maximized.  
The maximum concentration of lactic acid achieved was 58.42 g L-1. The maximum yield 
of lactic acid achieved was 96.7% of theoretical. Ammonium concentrations were below 
0.4 g L-1 NH4-N in batches 1 and 2.  
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CHAPTER 5. CONCLUSION 
 Summary  5.1
Food waste and primary sludge are two readily available organic waste streams. The 
digestion of these waste streams offers both the ability to treat them and produce value 
added fuels and chemicals. Of the fuels and chemicals readily produced in the digestion 
process, lactic acid has both high value and high production potential under the 
appropriate conditions. In these experiments lactic acid production was maximized under 
the digestion of 0.1L of primary sludge (100 g VS L-1), and 0.8 L of food waste. The 
optimum digestion conditions were identified as pH 5.5 and 41°C. A loading rate of 150 





 Polylactic acid Polymerization Potential 5.2
The results of the optimization are among the highest recorded concentrations of lactic 
acid achieved (58 g L-1) in the fermentation of foodwaste by an open culture (Omar et al., 
2009; Sakai et al., 2000; Zhang et al., 2008). The optical purity (60% L(+)-lactic acid), 
however is low in comparison to other open and inoculated culture experiments (Sakai & 
Ezaki, 2006; Sakai et al., 2003; Zhang et al., 2008). The optical purity achieved affects 
the downstream separation and refinement of lactic acid because higher fractions of L(+)-
lactic acid are needed for polymerization. The optimized co-digestion of food waste and 
primary sludge offers a low input route to lactic acid, however it’s economic viability in a 
polymer production scheme is heavily dependent on an effective downstream chiral 
separation process. Recent advances in 3D printing have demonstrated that the shaping of 
PLA can be affordably decentralized, but production of the polymer is still centralized. 
Through further research and development of a chiral separation process, the capacity for 
local polymer production and shaping based on local waste sources could be realized in 




 Biological Nutrient Removal Potential 5.3
The optimization of the co-digestion of food waste and primary sludge is highly relevant 
to biological nutrient removal in wastewater treatment plants. The use of lactic acid from 
food waste fermentation as a carbon source for nutrient removing bacteria has multiple 
advantages in this application. First, this end use does not necessitate the refinement or 
separation of the lactic acid broth as long as nutrient levels are low. Ammonium levels 
were below 0.4 g L-1 in this experiment. Second, these facilities have immediate access to 
primary sludge. Third, if these facilities have a digester on hand then they have personnel 
who are trained in and familiar with fermentation equipment and processes. The digester 
facilities can aid in the disposal of fractions of the food waste not converted to lactic acid. 
Finally, these facilities are typically managed publicly by the municipalities they serve. 
Often these same municipalities contract with or manage solid waste disposal services 
and therefore have the capacity to collect food waste for fermentation. These factors 
indicate that the fermentation to lactic acid has strong potential for wastewater operations. 
Further research on the ratio of acids (SCOD) to phosphorous in the fermentation broth 
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Standard Operating Procedures (SOPs) 
Summary of Major Variables  
𝑉𝑉𝑉𝑉𝑛𝑛 = The volatile solids concentration, in g/L, which bucket n needs to be at in order to 
achieve the proper loading rate needed for the experiment. This value is predetermined in 
the experiment.  
𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇 = The total solids of the thickened substrate which are volatile 
𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇= The total solids, by weight, in the thickened substrate  
𝐹𝐹𝑉𝑉𝑇𝑇𝑇𝑇= The fixed solids, by weight, in the thickened substrate 
𝑉𝑉𝑇𝑇𝑇𝑇,𝑛𝑛= the volume of thickened sludge in the n bucket  
𝑉𝑉𝑉𝑉𝐹𝐹= the volatile solids in g/L of the filtrate  
𝑉𝑉𝐹𝐹,𝑛𝑛= the volume of filtrate which will be added back to bucket n  
𝜌𝜌𝑇𝑇𝑇𝑇= the density of thickened substrate in g/L  
 
Summary of Major Subscripts 
n – Refers to the bucket of substrate being prepared.  







F – Refers to filtrate. This is primarily liquid fraction that results from the thickening 
process. 
a – Refers to the evaporating dish name/number used for solids measurements.  
b – Refers to the evaporating dish name/number on solids measurements taken on filtrate.  
A.1 SOP 1 – Homogenization of Food Waste 
Materials: 
• Blender, Ninja Professional 
• Blender, Kitchen Aid Ultra Power 
• 75% Ethanol Solution 
• 2-5 gallon buckets 
• Ladle or large spoon 
Procedure: 
1. Clean the 5 gallon bucket and lid with ethanol solution and allow to dry 
2. Clean the blender with ethanol solution and allow to dry 
3. Transfer as much food waste into the Ninja Professional blender as will 
reasonably fit but still allow the blender to function in blending. Stop blending 
and stir as necessary. 
4. When food waste is finely blended and the mixture appears homogenous, empty 
blender contents into the 5 gallon bucket, refill blender with more food waste and 
repeat the previous step until all substrate is blended.  
5. Repeat steps 3 and 4 again, except in the Kitchen Aid Ultra Power blender so that 
all substrate has been blended twice. Discard the twice blended substrate into the 
other 5 gallon bucket to keep it separate. This will allow for a finer blend which 
will prevent food scraps from clogging the sampling port during sampling.  
6. Stir the bucket until homogenous in order to account for variations in the blending 
batches. Place lid on.  







A.2 SOP 2 - Preparing Substrate to a given volatile solids concentration 
Materials: 
• 250 ml Nalgene bottles 
• Centrifuge with rotor which can hold 250 ml Nalgene bottles 
• 3 - 2 gallon buckets with lids 
• 2 – 5 gallon bucket with lid (more buckets may be needed depending on quantity 
and thickness of sludge) 
• Substrate Buckets (with homogenized food waste or sludge samples) 
• Ladle or large spoon 
• Graduated cylinder 
 
Procedure: 
1. Clean the 2 gallon and 5 gallon buckets and their lids and allow to dry. 
2. If the substrate is foodwaste, skip to step 8. If the substrate is sludge, then 
continue.  
3. Allow substrate to settle in the refrigerator overnight.  
4. Open substrate buckets. Using a ladle, remove as much supernatant as possible, 
being careful not to disturb settled sludge, and ladle it into one of the 5 gallon 
buckets.  
5. Homogenize the substrate remaining in the bucket and place it into 250 ml 
Nalgene bottles. Centrifuge at 3000 rcf for 10 minutes. 
6. Decant the liquid fraction of the Nalgene bottles into the same 5 gallon bucket as 
the ladled supernatant and empty the solid fraction from the Nalgene bottles into 
the other 5 gallon bucket. Continue until all substrate is centrifuged. 
7. Repeat the previous step an additional time so that all substrate has been 
centrifuged twice. 
8. Cap the lids on all buckets and place in the refrigerator while not in use. 
Determine the total solids and volatile solids content of both the sludge and the 
filtrate according to SOP 4 and SOP 5 respectively. Refrigerate substrate while 
these SOPs are being performed. If substrate surpasses the highest volatile solids 
loading rate needed, proceed to the next step. If not, further thicken the substrate 
starting again at step 4 of this this procedure. For the food waste substrate, oven 





(this should not be done for the sludge due to the chance of sterilizing it), but this 
should be attempted after centrifugin.  
9. Perform a density test on the thickened substrate according to SOP 3.  
10. Clean, dry, label and weigh (w/ lids) each of the two gallon buckets and record 
results as “𝑋𝑋𝑛𝑛” in g.  
11. Each of the three, two gallon buckets will be used to prepare a given volatile 
solids concentration. Distribute the substrate among each of the two gallon 
buckets adding slightly more to the bucket which will have the highest volatile 
solids concentration and slightly less to the bucket which will have the least 
volatile solids concentration. Don’t fill any bucket more than ¾ full. 
12. Replace lids onto the buckets and weigh them with the contents. Record the 
results as value “𝑊𝑊𝑛𝑛” in g, where n corresponds to the bucket label.   
13. Measure out the amount of filtrate back that needs to be added to each bucket 
using a graduated cylinder. The amount of filtrate to add back can be determined 
by the following equations. If not enough filtrate is available then use deionized 
water: 
   
a. Determine volume of thickened substrate in the n bucket either 
by measuring with a graduated device. If the thickened 
substrate is not flowable, then determine the volume by 
weighing and using the density determined in SOP 3 ( 𝑉𝑉𝑇𝑇𝑇𝑇,𝑛𝑛). 
Record which method was used to determine volume and 




= 𝑉𝑉𝑇𝑇𝑇𝑇,𝑛𝑛  
 
b. Given the volatile solids concentration needed 
(𝑉𝑉𝑉𝑉𝑛𝑛), Determine the volume of filtrate to be added to the n 
bucket, for each bucket (𝑉𝑉𝐹𝐹,𝑛𝑛).  










    To get; 





14. Prepare batches for fermentation trials as follows: 
a. For tests on primary sludge, homogenize by hand the contents 
of each bucket and measure 0.9 L into each 1 liter container.  
b. For tests on food waste, homogenize by hand the contents of 
each bucket and measure 0.8 L into each 1 liter container. For 
the screening experiment, prepare a batch of primary sludge to 
100 g/L VS according to the previous steps of this SOP and 
add an additional 0.1 L of this primary sludge into each bucket. 
The sludge addition should be made based on mass, given the 
density determined in SOP 3.  







A.3 SOP 3 – Determination of Density of Thickened Substrate 
Materials: 
• 250 ml Graduated Cylinder  
• 100 ml Graduated Cylinder 
• Clean weighing dish with lid 
• Scale (High sensitivity) 
• Thickened Substrate 
• Pipette to rinse dish 
Procedure: 
1. Uncap thickened substrate bucket and homogenize by hand 
2. Place the 250 ml graduated cylinder on the scale and zero it out 
3. Place 10-100 g of sludge in the 250 ml graduated cylinder and record the mass as 
“N”. 
4. Fill the 100 ml graduated cylinder with water and pour it in to the 250 ml 
graduated cylinder, rotating the 250 ml cylinder while pouring so as to wash any 
contents stuck to the side down to the bottom. If bubbles are present, use a rod to 
gently agitate the media and release the air. Repeat as many times as necessary to 
wash all solids off the inner sides of the cylinder down into the bottom of the 
cylinder and record the volume added in each occasion. Sum the volume added to 
the cylinder and record as “L”. 
5. Record the volume of the graduated cylinder to the nearest ml as value “O” (use 
the bottom of the meniscus). 





7. Repeat the entire procedure five more times and average all the results to get a 
final density measurement. 
A.4 SOP 4 -Total and Volatile Solids Testing of Thickened Substrate 
Volatile solids will be measured immediately after thickening of the substrate, and 





2540 G of Standard Methods for the Examination of Water and Wastewater(APHA et al., 
2012). 
Materials: 
• Porcelain evaporation dish/crucibles 
• Drying Oven – Fisher Scientific Isotemp Oven  
• Muffle Furnace – Lindberg Blue Box Furnace (Model BF51794C-1)  
• Desiccator (with color indicator desiccant)  
• Scale (use the same scale throughout) 
• Bunsen Burner 
Procedure: 
1. Set Muffle Furnace to 550 ˚C 
2. Prepare 5 samples for each volatile solids measurement with the intent that three 
will be used and averaged to determine the final measurement. Label evaporating 
dishes if not already (e.g. 1 through 5).  
3. Set Drying Oven to 104 ˚C if testing sludge or 45 ˚C if testing food waste. 
4. Place evaporating dishes in Muffle Furnace for 1 hour 
5. Cool evaporating dishes in desiccator  
6. Homogenize the sample to be measured. If flowable then stir. If not then 
pulverize by hand with rubber gloves on a clean surface. 
7. Record the weight of each evaporating dish as value “Ba” and return to the 
desiccator until ready to use. “a” corresponds to the label of the dish. 
8. Place 25-50g of substrate in each dish and record the mass of the dish and 
substrate as value “Ca”.  
9. Place in the drying oven over night. Use aluminum foil or metal trays to provide a 
stable surface over the oven racks if necessary. 
10. Cool sample in desiccator until it reaches the same temperature as the scale being 
used. Record weight of the dried substrate and dish as “Aa1”.  
11. Repeat drying in drying oven for 1hr, and cooling in the desiccant until the weight 
change is less than 4% or 50mg, whichever is less. Record results as “Aa2, Aa3, ect”. 
Consecutive recordings should agree within 5% of their average. Discard any 
samples which cannot meet this requirement by the fourth drying cycle. Use the 
last “Aa” value recorded as the final measurement for the equation below. 
12. Reset muffle furnace to 550 ˚C if not already 
13. Place each dish and its contents over a Bunsen burner for about 5 minutes. Place 





crucible on all sides. The substrate should not be allowed catch directly on fire as 
this will allow ash to escape and compromise the measurements. Place a lid on 
top of the crucible after the flaring in order to prevent the substrate from catching 
fire. Instead it should smolder. This step prevents contents from catching fire once 
in the muffle furnace. 
14. Transfer each dish and contents to the muffle furnace for one hour.  
15. Cool each dish in a desiccator to the temperature of the scale and weigh the dish 
with contents. Record results as “Da1”.  
16. Repeat igniting in the muffle furnace for 30 minutes, cooling in the dessicator and 
weighing until the weight change is less than 4% or 50mg, whichever is less. 
Record results as “Da2, Da3, ect”. Use the last “Da” value recorded for calculations. 
Duplicate measurements should agree within 5% of their average. A minimum of 
three samples out of the original six should be used for calculations in the 
following steps. If a minimum of three samples did not meet the requirements 
then repeat the experiment with more dishes.  
17. Calculate the Total Solids (𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇,𝑎𝑎), Volatile Solids (𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇,𝑎𝑎), and Fixed Solids 
(𝐹𝐹𝑉𝑉𝑇𝑇𝑇𝑇,𝑎𝑎)   for each of the samples that were selected in the previous step. Note 
that this method provides volatile solids and fixed solids in (g/L) as a fraction of 
the overall substrate, and not as percentages of the total solids which is typically 
calculated in 2540 G of Standard Methods for the Examination of Water. The 
density of the substrate should have already been determined for this calculations 
in SOP 3.  
 
𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇,𝑎𝑎 = (𝐴𝐴𝑎𝑎 − 𝐵𝐵𝑎𝑎) × 𝜌𝜌𝑇𝑇𝑇𝑇𝐶𝐶𝑎𝑎 − 𝐵𝐵𝑎𝑎  
 
𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇,𝑎𝑎 = (𝐴𝐴𝑎𝑎 − 𝐷𝐷𝑎𝑎) × 𝜌𝜌𝑇𝑇𝑇𝑇𝐶𝐶𝑎𝑎 − 𝐵𝐵𝑎𝑎  
 






18. Average the results of all samples in order to obtain the 𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇, 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇, and 𝐹𝐹𝑉𝑉𝑇𝑇𝑇𝑇. 
The following is a potential example; the subscripts and the number of values 
being averaged will vary.  
 
𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇 = 𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇,1 + 𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇,3 + 𝑇𝑇𝑉𝑉𝑇𝑇𝑇𝑇,43  
 
𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇 = 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇,1 + 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇,2 + 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇,5 + 𝑉𝑉𝑉𝑉𝑇𝑇𝑇𝑇,64  
 
𝐹𝐹𝑉𝑉𝑇𝑇𝑇𝑇 = 𝐹𝐹𝑉𝑉𝑇𝑇𝑇𝑇,2 + 𝐹𝐹𝑉𝑉𝑇𝑇𝑇𝑇,3 + 𝐹𝐹𝑉𝑉𝑇𝑇𝑇𝑇,63  
 
A.5 SOP 5 - Total and Volatile Solids Testing of Decant 
Volatile solids will be measured immediately after separation of the filtrate and thickened 
substrate, prior to any freezing. This procedure is adapted from 2540 B and E of Standard 
Methods for the Examination of Water and Wastewater (APHA et al., 2012) 
Materials: 
• Porcelain evaporation dish/crucibles 
• Drying Oven – Fisher Scientific Isotemp Oven  
• Muffle Furnace – Lindberg Blue Box Furnace (Model BF51794C-1)  
• Desiccator (with color indicator desiccant)  
• Scale (use the same scale throughout) 
• Magnetic stir plate and stir bar 
• 50 ml Graduated Cylinder 
Procedure: 





2. Prepare 6 samples for each volatile solids measurement with the intent that three 
will be used and averaged to determine the final measurement. Label evaporating 
dishes if not already (e.g. 1 through 6).  
3. Set Drying Oven to between 45 and 97 ˚C  (Splashing due to boiling should be 
avoided and if witnessed, then the temperature should be lowered) 
4. Place cleaned evaporating dishes in Muffle Furnace for 1 hour 
5. Cool evaporating dishes in desiccator  
6. Homogenize the sample to be measured. 
7.  Record the weight of each evaporating dish as value “Bb” and return to the 
desiccator until ready to use. “b” corresponds to the label of the dish. 
8. Fill the dish approximately 4/5 full with a measured amount of filtrate. Record the 
value in ml as “Cb” 
9. Place in the drying oven over night or until sample appears to be moisture free. 
10. Once the sample appears to be moisture free, increase the temperature of the 
drying over to 104 ˚C and dry for an additional hour. 
11. Cool sample in desiccator until it reaches the same temperature as the scale being 
used. Record weight of the dried as “Ab1”.  
12. Set Muffle Furnace to 550 ˚C if not already set. 
13. Repeat drying for 1hr, and cooling in the desiccator until the weight change is less 
than 4% or 0.5mg, whichever is less. Record results as “Ab2, Ab3, ect”. Duplicate 
determinations should agree within 5% of their average. Discard any samples 
which cannot meet this requirement by the fourth drying cycle. Use the last “Ab” 
value recorded as the final measurement for the equation below. 
14. Transfer dish and contents to the Muffle Furnace for 15 minutes (wait until the 
furnace is at required temperature if it is not already and store the sample in the 
desiccator while waiting).  
15. Partially cool the dish in open air then finish cooling in a desiccator to the 
temperature of the scale and weigh the dish with contents. Record results as “Db1”.  
16. Repeat igniting in the muffle furnace for 10 to 15 minutes, cooling (outside then 
in the desiccator) and weighing until the weight change is less than 4% or 0.5 mg, 
whichever is less. Record results as “Da2, Da3, ect”. Use the last “Da” value 
recorded for the first three samples which are able to meet the requirement. 
Duplicate measurements should agree within 5% of their average.  
17. Calculate the Total Solids (𝑇𝑇𝑉𝑉𝐹𝐹,𝑏𝑏), Volatile Solids (𝑉𝑉𝑉𝑉𝐹𝐹,𝑏𝑏), and Fixed Solids 
(𝐹𝐹𝑉𝑉𝐹𝐹,𝑏𝑏) in g/L for each of the three samples that were selected in the previous step: 
 






𝑉𝑉𝑉𝑉𝐹𝐹,𝑎𝑎 = (𝐴𝐴𝑏𝑏 − 𝐷𝐷𝑏𝑏) × 1000𝐶𝐶𝑏𝑏 (𝑚𝑚𝑚𝑚)  
 
𝐹𝐹𝑉𝑉𝐹𝐹,𝑎𝑎 = (𝐷𝐷𝑏𝑏 − 𝐵𝐵𝑏𝑏) × 1000𝐶𝐶𝑏𝑏 (𝑚𝑚𝑚𝑚)  
 
18. Average the results of all samples to obtain 𝑇𝑇𝑉𝑉𝐹𝐹, 𝑉𝑉𝑉𝑉𝐹𝐹, and 𝐹𝐹𝑉𝑉𝐹𝐹. The following is a 
potential example; the subscripts and the number of values being averaged will 
vary; 
 
𝑇𝑇𝑉𝑉𝐹𝐹 = 𝑇𝑇𝑉𝑉𝐹𝐹,1 + 𝑇𝑇𝑉𝑉𝐹𝐹,3 + 𝑇𝑇𝑉𝑉𝐹𝐹,43  
 
𝑉𝑉𝑉𝑉𝐹𝐹 = 𝑉𝑉𝑉𝑉𝐹𝐹,1 + 𝑉𝑉𝑉𝑉𝐹𝐹,2 + 𝑉𝑉𝑉𝑉𝐹𝐹,5 + 𝑉𝑉𝑉𝑉𝐹𝐹,64  
 
𝐹𝐹𝑉𝑉𝐹𝐹 = 𝐹𝐹𝑉𝑉𝐹𝐹,2 + 𝐹𝐹𝑉𝑉𝐹𝐹,3 + 𝐹𝐹𝑉𝑉𝐹𝐹,63  
 
A.6 SOP 6 – HPLC testing of liquid phase for VFAs 
Materials: 
• Rubber stopper with two ¼” stainless steel barbed drop tubes (stopper should be 
sized to form an air tight connection with the centrifuge tube. 
• 50 ml centrifuge tubes with caps 
• 60 ml graduated syringe 
• Auto pipette with tips 






• Auto-pipette with disposable tips  
• 1 ml Syringe with 25-mm Nylon 0.2 µm attachment filters 
• *Note that the standard harvester which is typically used with the New Brunswick 
Scientific Bioflow 110 system was not used since it only has 3/16” OD 
connections which can clog when thicker substrate is harvested. 
Procedure: 
1. Uncap a centrifuge tube and place the stopper (dropped tubes included) into the 
top so that it has an air tight connection.  
2. Connect the submerged sampler tube of the bioreactor to one of the drop tubes on 
the stopper. Connect the other drop tube of the sampler to the syringe. If one drop 
tube is longer, connect the submerged sampler tube to the shorter drop tube and 
the syringe to the longer drop dube. 
3. Place the stopper into a centrifuge tube and harvest 30 ml of substrate as 
measured by the centrifuge tube by applying vacuum to a submerged sampler tube 
in the reactor. Apply pressure back to the syringe to push sludge remaining in the 
line back into the bioreactor. 
4. Remove the centrifuge tube from the stopper, cap the centrifuge tube and 
refrigerate at 4 ºC until ready to process for HPLC testing.  
5. Place centrifuge tubes into a centrifuge and centrifuge for 10 min at 3,000 rcf 
(relative centrifugal force). 
6. Using an auto pipette, pull supernatant off the top of each centrifuge tube to fill a 
1.5 ml centrifuge tube (switch out autopipette tips between samples throughout 
this SOP).  
7. Centrifuge the 1.5 ml centrifuge tubes for 5-min at 16,000 rcf.  
8. Auto pipette the supernatant from the previous step into a separate 1.5 ml 
centrifuge tube, and centrifuge again for 5 min at 16,000 rcf. 
9. Using autopipettes, dilute with DI water into a separate 1.5 ml centrifuge tube 
(Recommended 10 or 20x dilution). 
10. Using a 1 ml syringe, from the previous (diluted) 1.5 ml centrifuge tubes from the 
last centrifuging, attach a 25-mm Nylon 0.2 µm filter and filter into an HPLC vial. 
Switch out filters if filtering becomes too difficult and continue filtering until the 
HPLC vial is greater than half full. Do not over exert with pressure. 
11. Place vials into the HPLC and analyze.  
 







• ISE - Ammonium Ion Selective Electrode Probe – Cole Parmer Combination 
Electrode YO-27504-00 
• Meter - Oakton Ion 700 Bench top meter with electrode holder  
• Stir Plate - Corning PC-351.  
• small magnetic stir bars 
• Thin piece of foam or cloth towel. 
• Deionized water (DI water) 
• 80 ml Pyrex Beakers 
• Autopipettes with tips  
• ISA – Ionic Strength Adjust, 5 M NaCl (Cole Parmer 27503-53) 
• 1 ppm NH4-N, 10 ppm NH4-N, 100 ppm NH4-N, Standards (Can be made through 
serial dilution from 1000 ppm NH4-N, Cole Parmer 27503-01) 
• 50 ml graduated cylinder 
• Kimwipes 
• Samples to be measured – should already be centrifuged according to SOP 6 
(HPLC). Use the leftovers after the first centrifuging.  
In this procedure the amount of ISA used is less than what the manufacturer recommends. 
Prior experimentation with the ISE showed that higher ISA values would lead to 
inadequate difference in mV readings between the 1ppm and 10 ppm calibration points if 
additional ISA was used. The amount of ISA used in this procedure is considered to have 
a negligible effect on dilution ratios and is not considered when adjusted measured values 
for dilution.  
Procedure: 
1. Allow all samples, standards, Ionic strength adjuster (ISA) to adjust to room 
temperature 
2. Place a piece thin piece of foam or towel on top the stir plate, in the center. The 
foam should be larger than the base of the 80 ml beaker. This is intended to 
insulate the beaker from temperature changes induced by the magnetic stirrer. 





3. Connect the Ammonium Ion Selective Electrode probe (ISE) to the bench top 
meter. Ensure the meter is in Ion mode. Ensure that ISE is adequately filled with 
reference solution, and fill if necessary. Ensure the ISE does not have any bubbles 
on the interior. If bubbles are present, agitate the ISE downward until bubbles 
release to the headspace at the top. Place the ISE in the probe holder. 
4. Place the meter in calibrate mode and adjust to 1 ppm using the arrows.  
5. Measure 50 ml of 1 ppm NH4-N standard into an 80 ml beaker. Using an 
autopipette, add 0.1 ml of ISA. Add a stir bar and place on the stir plate. Set the 
stir plate at the lowest speed. Lower the ISE into the solution until the tip is 
submerged, but not touching any glass or the stir bar. Gently agitate the ISE to 
remove any bubbles trapped under the tip.  
6. When the meter indicates “Ready”, hit OK, and record the mV. The meter should 
automatically switch to 10ppm calibration.  
7. Remove the ISE. Rinse with distilled water and blot dry with a Kimwipe. Do not 
rub the tip of the ISE, just blot. 
8. Using clean 80 ml beakers and magnetic stir bars for each calibration, continue to 
repeat steps 5 and 6 except using 10 ppm, and 100 ppm standards*. Calibrate with 
the standards in order from least concentration to highest. Ideally, there should be 
a difference of 56 mV between the calibration points of each standard. Upon a 
successful calibration at a minimum of three points, the meter should 
automatically switch into measure mode. 
9. Use samples that have already been centrifuged once per SOP 6. Autopipette 5ml 
of sample into a clean 80 ml beaker. Ideally, pull from the aqueous layer in the 
centrifuge tube and avoid the solids layer on bottom and the lipid layer on top. 
Measure out 45 ml of DI water and add to the beaker for a 10:1 dilution*. 
Autopipette 0.1 ml of ISA to the beaker. Place a clean stir bar in the beaker and 
place on the stir plate. Place the stirring rate at the lowest speed setting. Ensure 
that the stir bar is not making noise, and is centered in the beaker. Lower the ISE 
into the solution until the tip is submerged, but not touching any glass or the stir 
bar. Gently agitate the ISE to remove any bubbles trapped under the tip.  
10. When the meter indicates “Ready”, record the measurement. Also record the 
concentration in the original sample by correcting for dilution. 
11. Remove the ISE. Rinse with distilled water and blot dry with a Kemwipe. Do not 
rub the tip of the ISE, just blot. 
12. Repeat steps 9 through 11 for each sample. Recalibrate (repeat steps 5 through 8) 
every hour. If the meter takes an excessive amount of time to stabilize refer to the 






*Note that if the readings obtained are not between any of the calibration points, 
then the procedure needs to be adjusted. Either the dilution rate should be changed 
or the probe should be calibrated at different points.  
 
A.9 SOP 9 – Determination of the Lipid Fraction of Samples by Soxhlet 
Extraction 
This procedure is adapted from Standard Methods 5520 E (APHA et al., 2012).  
Required Reagents 
• Hydrochloric acid 
• n-Hexane 
• Magnesium Sulfate (Anhydrous or Monohydrate) 
 
Materials 
• 150 mL Beaker 
• Mortar and Pestle 
• Soxhlet extraction apparatus (with glass wool in the condensation stack to slow 
the escape of solvent) 
• Cork stand for the extraction flask portion of the Soxhlet apparatus 
• Cellulose Extraction thimble 
• Glass wool or glass beads 
• Boiling Chips 
• Electric heating mantle / pad 
• Rotovac (including a vacuum pump and condensation trap) 
Procedure 
 
1. Acidify sample as soon as it is extracted (1 ml HCL / 80 g substrate) 
2. Weigh out 10 g wet sample into a 150 mL beaker (dry solids content known).  
3. Transfer sample into a mortar. 
4. Add 12.5g of the magnesium sulfate. Stir mixture around mortar into a smooth 
paste, and spread on sides in a thin layer to help drying. 
5. Let sit for 30 min 
6. Grind solids in the mortar to a powder. 
7. Add powder to extraction thimble. Wipe pestle, mortar, and drying beaker down 





Add a small amount of glass beads or glass wool over the powder in order to 
cover the powder within the extraction thimble. 
8. Add a few grams of boiling chips to the extraction flask (a.k.a still pot) to 
encourage the nucleation of hexane. Add the cork stand to a scale and tare. Mass 
the boiling chips and extraction flask (on the cork stand).  
9. Add 100 mL of hexane and extract in the soxhlet apparatus at a rate of 20 
cycles/hr for 4 hours. (~63 °C for hexane) 
10. If there is solid matter present in the final product, filter out with grease-free 
cotton into another flask. 
11. Remove the extraction flask and Rotovac for 30 min at 70 °C at an RPM which 
encourages the solvent to continuously coat all sides of the extraction flask but 
prevents splashing of any solvent. Only lipids should remain in the extraction 
flask after completion. 
12. Tare the cork stand again and mass the extraction flask, boiling chips, and 
remaining lipids.  
13. Calculate lipids by the following equation: 
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑎𝑎𝐿𝐿 % 𝑜𝑜𝑜𝑜 𝐿𝐿𝑑𝑑𝑑𝑑 𝐿𝐿𝑜𝑜𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑔𝑔𝑎𝑎𝐿𝐿𝑔𝑔 𝐿𝐿𝑔𝑔 𝑤𝑤𝑤𝑤𝐿𝐿𝑔𝑔ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑜𝑜𝑚𝑚𝑎𝑎𝐿𝐿,𝑔𝑔 𝑁𝑁 100
𝑤𝑤𝑤𝑤𝐿𝐿𝑔𝑔ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑡𝑡 𝐿𝐿𝑜𝑜𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿,𝑔𝑔 𝑁𝑁 𝐿𝐿𝑑𝑑𝑑𝑑 𝐿𝐿𝑜𝑜𝑚𝑚𝐿𝐿𝐿𝐿𝐿𝐿 𝑜𝑜𝑑𝑑𝑎𝑎𝑓𝑓𝑡𝑡𝐿𝐿𝑜𝑜𝑔𝑔 
 
A.10 SOP 10 – Deterimation of Carbohydrates as Monosacharides 
This procedure has been adapted from NREL/TP-510-42623 “Determination of sugars, 
byproducts, and degradation products in liquid fraction process samples” (Sluiter et al., 
2006).  
 
Materials -  
• 100 ml glass beaker 
•  ~65 ml Pressure bottle with rubber stopper and aluminum crimper 
• Small funnel 
• Autoclave 
• pH probe 
• Autopipette 





• 1ml syringes, 2 micron filters, and 1 ml vials for HPLC analysis.  
 
Reagents -  
• 94% Sulfuric acid 
• Dry Calcium Carbonate 
1. Remove a premade Sugar Recovery Standard (SRS) from the freezer and allow to 
thaw (Sugar Recovery Standards are pre made at the following concentration of 
each sugar cellobiose ( 0.5 g/L ), glucose (6 g/L), xylose (0.5 g/L), galactose (0.5 
g/L),  arabinose (0.5 g/L), fructose (0.25 g/L), mannose (0.25 g/L)). These 
standards are used to judge the proportion of monosaccharides lost during acid 
hydrolysis.  
2. Determine the density of the sample according to SOP 3.  
3. Tare a 100 ml beaker. Add 1 to 2 grams of substrate into a 100 ml beaker. Record 
mass as "X". Dilute the contents of the beaker to a 10:1 ratio, water:food waste. 
Assume that foodwaste has the same density as water and add deionized water 
according to the following equation: 
                             Volume to DI H2O add = X(30)-X 
4. Homogenize and measure the pH of the sample using a pH probe. (Calibrate the 
probe according to manufacturer instructions prior). Record the pH.  
5. Calculate the amount of 96% H2SO4 needed to bring the mixture to a 4% acid 
concentration according to the following equation.  
 
 
[(𝐶𝐶4% 𝑁𝑁 𝑉𝑉𝑠𝑠) − (𝑉𝑉𝑠𝑠𝑁𝑁[𝐻𝐻+]𝑁𝑁 98.08𝑔𝑔 𝐻𝐻2𝑉𝑉𝑂𝑂42 𝑚𝑚𝑜𝑜𝑚𝑚 𝐻𝐻+1757.28𝑔𝑔 𝐻𝐻2𝑉𝑉𝑂𝑂4/𝐿𝐿 = 𝑉𝑉96%  
 
Where:  
V96% = the volume of 96% acid to be added, in mL  
Vs = the initial volume of sample or standard, in mL,  





[H+] = the concentration of hydrogen ions, in moles/L 
Note that 1757.28 is the g H2SO4 /L of 96% H2SO4 
 
6. Add the necessary amount of 96% H2SO4 to the beaker and homogenize the 
contents. Using a funnel, carefully transfer the contents of the beaker to a pressure 
bottle. Seal the bottle with the rubber stopper and crimp closed with the aluminum 
seal. Label with a permanent marker. 
7. If thawed, transfer the contents of the Sugar Recovery Standard (SRS) to a 100 ml 
beaker. Repeat steps 4 through 6 using the SRS as the substrate. Only one sugar 
recovery standard needs to be run when multiple samples are being tested.  
8. Autoclave both the samples and SRS (in pressure bottles) at 121 °C for 1 hour.  
9. (This step applied to each sample and the SRS) Allow to cool to room 
temperature and transfer to a clean 100 ml beaker. Record the pH and adjust the 
pH to near 6 by adding calcium carbonate. Add in small additions then 
homogenize and check the pH after each addition. When the pH exceeds 5, begin 
adding the calcium carbonate in smaller quantities so as not to exceed a pH of 6.  
10. (This step applied to each sample and the SRS) Allow the mixture to settle. The 
pH of the supernatant should be greater than the previously homogenized mixture. 
Confirm that the supernatant is near pH 7. Using an autopippette, remove liquid 
from the supernatant (avoid the settled material). Autopipette 0.75 ml into a 1.5 
ml centrifuge tube. Autopippette an addition 0.75 ml of DI Water into the 
centrifuge tube. (An additional 2x dilution) 
11.  (This step applied to each sample and the SRS) Using the 1 ml syringes, prepare 
the samples for HPLC. Avoid pulling solids from the bottom of the centrifuge 
tubes. Filter the samples directly from the syringe back into the HPLC vials for 
analysis and analyze via HPLC.  
12. Correct the HPLC results for the DI water dilution, the additional dilution from 
H2SO4, and the carbohydrates lost in the sugar recovery standard according. Use 
the following equations and perform the calculations individually for each sugar 
being measured: 
 
 Correct the samples for dilution to get the actual amount of sugars in the sample 
that was measured in HPLC. Note that multiplying by 2 accounts for the second dilution 







𝑉𝑉𝑐𝑐𝑠𝑠.𝐻𝐻20 𝑓𝑓𝑐𝑐𝑐𝑐 𝐷𝐷𝐷𝐷𝑠𝑠𝐷𝐷𝐷𝐷𝐷𝐷𝑐𝑐𝑛𝑛 (𝑠𝑠𝑐𝑐𝑠𝑠 ℎ𝑦𝑦𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠𝑦𝑦𝑠𝑠𝐷𝐷𝑠𝑠)+𝑉𝑉𝑐𝑐𝑠𝑠.𝑐𝑐𝑓𝑓 𝐹𝐹𝑐𝑐𝑐𝑐𝑦𝑦 𝑊𝑊𝑎𝑎𝑠𝑠𝐷𝐷𝑠𝑠 𝐷𝐷𝑛𝑛 𝑇𝑇𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠+𝑉𝑉𝑐𝑐𝑠𝑠.𝑐𝑐𝑓𝑓 𝐻𝐻2𝑇𝑇𝑆𝑆4𝐴𝐴𝑦𝑦𝑦𝑦𝑠𝑠𝑦𝑦
𝑉𝑉𝑐𝑐𝑠𝑠.𝑐𝑐𝑓𝑓 𝐹𝐹𝑐𝑐𝑐𝑐𝑦𝑦 𝑊𝑊𝑎𝑎𝑠𝑠𝐷𝐷𝑠𝑠 𝐷𝐷𝑛𝑛 𝑇𝑇𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  𝑁𝑁 2  
 Finally, correct for the amount of sugar lost in hydrolysis.  
 
%𝑅𝑅𝑠𝑠𝐷𝐷𝑠𝑠𝑎𝑎𝑐𝑐 =  𝐶𝐶𝑜𝑜𝑔𝑔𝑓𝑓. 𝑉𝑉𝑅𝑅𝑉𝑉 𝑏𝑏𝑑𝑑 𝐻𝐻𝐻𝐻𝐿𝐿𝐶𝐶,𝑔𝑔𝐿𝐿 𝑁𝑁 2𝑘𝑘𝑔𝑔𝑜𝑜𝑤𝑤𝑔𝑔 𝑓𝑓𝑜𝑜𝑔𝑔𝑓𝑓. 𝑜𝑜𝑜𝑜 𝐿𝐿𝑠𝑠𝑔𝑔𝑎𝑎𝑑𝑑 𝐿𝐿𝑔𝑔 𝑉𝑉𝑅𝑅𝑉𝑉 𝑏𝑏𝑤𝑤𝑜𝑜𝑜𝑜𝑑𝑑𝑤𝑤 ℎ𝑑𝑑𝐿𝐿𝑑𝑑𝑜𝑜𝑚𝑚𝑑𝑑𝐿𝐿𝐿𝐿𝐿𝐿,𝑔𝑔/𝐿𝐿  𝑁𝑁 100 
 
𝐶𝐶𝑥𝑥 =  𝐶𝐶𝑐𝑐𝑐𝑐𝑐𝑐.𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠%𝑅𝑅𝑠𝑠𝐷𝐷𝑐𝑐𝑠𝑠𝑎𝑎𝑐𝑐/100 
Where:  
Cx = The final concentration of each sugar  
Ccor. sample= Conc. of each sugar after correction for dilution due to DI 
H20 and H2SO4 
CHPLC= Conc. Determined by the HPLC 
%Rsugar= the percent recovery of sugar after acid hydrolysis of the SRS 
 
A.11 SOP 11 - Nitrogen testing with Dairy One  
1. Prepare samples from each batch to be evaluated in 50 mL centrifuge tubes. Freeze 
the sample immediately after retrieving it.  
2. Fill out the submittal form, and check off the following services noted in the price-
breakdown below (Also, food-waste will be classified as “Other”): 
 
Service 287 - Custom Package Base Fee -   $8.00 
Service 264 - Nitrogen -                               $6.00 





Service 266 - Organic Nitrogen -                 *     
Total Cost per Sample -                               $22.00 
 
3. Obtain dry ice to ship the samples with. Mail to: 
  730 Warren Road, 
Ithaca, NY 14850 
 
4.  Dairy One will analyze the sample. Dairy One utilizes a TruMac N Macro 
Determinator by LECO in their tests for nitrogenous content. LECO describes their 
theory of operation is as follows: 
 
“The TruMac series determines nitrogen/protein, carbon/nitrogen or 
carbon/nitrogen/sulfur in a multitude of organic matrices from foods and feeds to 
soils and fertilizers. The system utilizes a combustion technique that provides a 
result for all of the elements within 5 minutes. 
 
A pre-weighed sample is placed into a large ceramic boat and loaded into the 
purge chamber located in the front of the horizontal ceramic high temperature 
furnace. After the entrained atmospheric gas is purged from the sample, the 
ceramic boat is introduced into the furnace regulated at a temperature between 
1100 and 1450°C. Complete oxidation of the macro sample is ensured by a pure 
oxygen environment within the furnace, with additional oxygen being directed 
onto the sample via a ceramic lance. The ceramic boat and all ash from the sample 
are removed from the furnace at the end of combustion. When operating in N or 
CN modes, the combustion gases are then swept from the furnace into a 
thermoelectric cooler where the moisture is efficiently removed without the use of 
chemical anhydrone. When operating in CNS mode, moisture is removed from 
the furnace by anhydrone. Combustion gases are collected and equilibrated in a 
ballast where an aliquot is taken for carbon, nitrogen, and sulfur determination. 
The sample aliquot gases are swept through an infrared detector for carbon and 
sulfur determination, then onto heated copper reagents to remove oxygen and 
convert NOX gases to diatomic nitrogen before passing through the LECOSORB 
and anhydrone to remove carbon dioxide, sulfur gases, and the water by-product. 
The remaining nitrogen gas from the sample is passed through a thermal 
conductivity detector to determine nitrogen.”(LECO, 2014)
 
